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PREFACE. 

Professor Huxley, in a speech delivered some time 
ago, suggested the idea of a text-book of Physical 
Science which should enable those who had not received 
a scientific training to acquire a general knowledge of the 
phenomena of the universe. Notwithstanding, therefore, 
the number of good text-books on physical science, it 
seemed that there was still room for another, which should 
occupy an intermediate position between the elementary 
class books used at schools and the more advanced text- 
books used at colleges and universities. Especially was 
a text-book needed which would explain the leading facts 
of science and the methods used in scientific research, 
without the aid of mathematical fonnulae. 

In undertaking this work, at the request of the pub- 
lishers, I have endeavoured to treat the various depart- 
ments of science as parts of a connected system which is 
related at eve^y point, and have arranged the order in 
which the subjects are looked at, so as to prevent as far 
as possible the anticipation of those which follow after. 
The difficulty has, however, been great, because the space 
which the scope of the work allowed for any one subject 
was so small that each paragraph required condensation 
to the utmost degree consistent mt\i Ci\eMTiB8^^ «sA ^s^^sql 
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knowledge will enlarge the range of the intellect, and 
open up a wide field of pleasure which might otherwise 
be closed; and even partial knowledge is better than 
none. It may also awaken in some minds a desire for 
further information, which may lead to the devotion of a 
lifetime to scientific research. 

I have endeavoured to lay down observation and 
experiment as the sure foundation upon which all know- 
ledge of nature and its laws must ever rest, and the work 
itself must therefore be regarded only as pointing out 
the direction in which these may be exercised by any 
who wish to obtain a personal knowledge of science ; and 
the theories which are here given must be looked upon 
solely as helps to the mind in realising the nature of the 
operations which occur around us, and as liable at any 
time to give place to other theories which may more 
correctly interpret the phenomena. 

The division of the work into parts is intended to 
enable like phenomena to be treated of together, and not 
to lead to the conclusion that they stand in a progressive 
order. While preparing this book I have had occasion 
to consult many admirable works on particular subjects, 
and for the sake of those who wish for further informa- 
tion the following may be named : — 

Herschell's Essay on " Natural Philosophy," the late 
Prof. Stanley Jevons's " Principles of Science," Dr. 
Gore's " Art of Scientific Discovery," WhewelVs " His- 
tory of the Inductive Sciences," Ganot's "Physics," 
Deschanel's "Natural Philosophy," Herschell's "As- 
tronomy," Ball's " Astronomy," Lockyer's " Elementary 
Lessons in Astronomy," Sir Edmund Beckett's " Astro- 
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nomy without Mathematics," Balfour Stewart's "Lessons 
in Elementary Physics," Silranus Thompson's " Lessons 
in Electricity and Magnetism," Lee's " Acoustics, Light 
and Heat," Clerk Maxwell's "Theory of Heat" and 
« Electricity," Tyndall's " Heat as a Mode of Motion," 
Roscoe's " Chemistry," Cooke's " New Chemistry," 
Wurtz's "Atomic Theory," Tait's "Recent Advances 
in Physical Science," Balfour Stewart's " Conservation 
of Energy." 

Li many parts I have been obliged to employ technical 
terms, which teachers using the work as a class book 
must explain as they occur ; but to facilitate its use with- 
out a teacher I have arranged that the index shall serve 
both as an index and a glossary, and the meaning of 
most of the technical terms will be found there. 

In conclusion, I have to thank several friends for 
kind advice and assistance during the progress of the 
work. Edward Crossley, Esq., F.R.A.S., has been good 
enough to revise Part IL, and Mr. William Ackroyd, 
F.I.C., Parts III. to VI. ; and lastly, the whole of the 
proofs have been examined by the Rev. Dr. Harrison, 
of Waterfoot, whose revision, I have no doubt, has 
materially added to the value of the book. 

F. H. BOWMAN. 
West Mount, Halifax. 
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CHAPTER I. 

DEFINITIONS AND DIVISIONS OF PHYSICAL SCIENCE. 

1. Physical Science is the systeniatised knowledge 
derived from observation of the phenomena which are 
exhibited in the physical universe, and of the laws 
which govern these phenomena. These phenomena are 
the manifestation of changes occurring in matter, or in 
the changed relationship of masses of matter, under the 
action of force. A physical phenomenon may therefore 
be regarded as any change whatever which, occurring in 
any matter, or in the relation of any two or more masses 
of matter to each other, can be made evident to the 
senses, either directly or through the agency of suitable 
instruments. As an example, we may take the fall of a 
body which can be seen with the eye, or the sound of a 
musical note which can be heard by the ear, or the 
sensation of heat or cold in any substance which can 
be detected by the touch, or a current ot eW:lT\s^ 
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which reveals its existence by the motion of the magnetic 
needle, which may be placed in the vicinity of the wire 
in which the current is passing. 

2. The Cause which underlies the changes which are 
produced by the action of force upon matter is called a 
'physical cause ; and the constant relationship which ob- 
tains or subsists between a physical phenomenon and its 
cause is called a physical law, Thus^ when we speak of 
the law of gravitation, we refer to the constant attraction 
which subfflsts between any two masses of matter, and 
we express the numerical relations of this law by saying 
that the attraction varies directly as the mass of the 
body, or the total quantity of matter present in it, and 
inversely as the square of the distance between the two 
or more bodies which are attracting each other ; or when 
we speak about the relation always subsisting between 
a ray of light which falls upon a plajie surface and the ray 
which is reflected from it, we term this relation the law of 
reflection, and express it by saying that whatever may be 
the angle of incidence, the angle of reflection is always 
equal to it — the two angles being measured from an 
imaginaiy line drawn at right angles to the plane surface, 
at the point of incidence of the ray. 

3. Physical Laws are the result of the constant action 
of energy upon matter, whidi energy manifests itself in 
qpecial forms whidi we call 'physical forces^ such as gravi- 
tation, heat, light, electricity, magnetism, &c. All these 
j^ysical forces are mutually related, and are capable, 
under suitable conditions, of being transformed the one 
into the other. 

4. Forms of Matter, — The diflbrent conditions which 
matter can assume under the action of energy are called 
states, or forms of 'matter, such as the solid, liquid, or 
gaseous state. Another state of matter, called '* radiant 
matier," is now known to exist, which far exceeds the 
gaseous state in tenuity, and may therefore be called also 
nltrargaseous ; and it ia quite possible that if we could 

sabject nuLtter to the aboolute zero of temperature, we 
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might also have an tUtrasolid condition ; but this has 
never been experimentally determined. 

These difllerent conditions of matter are the founda- 
tion on which depends our knowledge of the nature and 
properties of matter, and upon which our theories of 
the nature of matter, and the relationship of the various 
states to each other and to force, are based. 

5. Unity of Science, — Strictly speaking, all physical 
science is one, because the universe as a whole is co- 
related in every part, and all its phenomena are therefore 
inter-related. The study of the universe as a whole 
might be termed Cosmology, For practical purposes, 
however, it is necessary to sub-divide the knowledge 
which we possess, because the mind cannot possibly 
grasp the whole of the phenomena and their relations 
when presented at once. 

Hence arises the division of physical science into 
distinct branches, each of which investigates a special 
group of pheno^iena. Thus, Astronomy investigates the 
motions and nature of the planets and other heavenly 
bodies ; Geology the structure and past history of the 
crust of the earth; and Cliemistry the nature and proper- 
ties of the various kinds of matter, and their reactions 
upon each other. 

These sepaitite branches of science are generally con- 
sidered as distinct sciences, and as such, are usually 
treated of separately ; but they are all related to each 
other, and every advance which is made by any one of 
them always leads to an increased knowledge in the 
others, and a broader base from which to start a further 
series of physical investigations in every department. 
Thus the discovery of spectrum analysis in Physical 
Optics has led to wonderful advances both in Astronomy 
and Chemistry ; and the discovery of the delicate sen- 
sitiveness of the relation between electricity and mag- 
netism has furnished instruments for physical investiga- 
tion throughout the whole range of scieivti^(^ mo^vr^. 

In iAieir gre&teat divergence, t1ie Tela^ioi^^^^Vi^V^i^^^ 
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these various branches of science is sometimes difficult to 
trace. Thus, Astronomy and Botany are widely different 
in the phenomena which they register, but the relation 
of the two is distinctly seen when we remember how 
the astronomical changes produce the variation in the 
seasons, or the shorter alternations of day and night, 
with their consequent effect upon the vitality and growth 
of plants. 

6. Relation of Cause and Effect, — The relation which 
subsists between all classes of physical phenomena and 
their cause is a quantitative relationship, and whenever 
this relationship can be thus determined, it can be sub- 
jected to mathematical as well as physical investigation. 
This quantitative relationship can only be derived from 
observation and experiment. 

Observation and experiment are thus the foundation 
of all physical science, and no knowledge concerning 
the physical universe can be derived from d priori 
reasoning. 

After observation and experiment have been made, 
mathematical analysis enables us to extend our know- 
ledge of the phenomena and laws which govern them, 
within certain limits; but all our knowledge thus derived 
can only be regarded as theoretical until each new deduc- 
tion has been verified by observation or experiment. 

When the whole of the known laws relating to any 
special class of phenomena have been generalised, and 
subjected to mathematical analysis, so as to determine 
the nature of the relation between the cause and effect, 
they constitute what is called a physical tJieory, Thus 
we speak of the theory of gravitation in relation to the 
attraction which all masses of matter have upon each 
other ; of the undulatory theory of light or sound, which 
regards these phenomena as vibrations of the ethereal 
medium and of air respectively ; or of the mechanical 
theory of heat, which regards the temperature of bodies 
as the result of the peculiar motion of the molecules of 
which they are composed. 
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This method of extending our knowledge by the aid 
of mathematical processes is only applicable to certain 
sciences, because, while we can reiidily see how they can 
be applied to discover the position of a planet, by ana- 
lysing the disturbing effect which is produced on the 
orbit of a neighbouring planet, this method cannot 
obviously be applied to determine the origin of species 
amongst animals or plants, or the nature of the successive 
appearances of life-forms in geological time. 

7. Divisiona of Science, — The various sciences may, 
therefore, be divided into two great divisions, which we 
term Physico-Natural and Phyaxco-Mathematical Sciences, 

Physico-Natural Sciences are those which depend upon 
observation alone, and where each step which is taken 
to advance our knowledge in regard to them must be 
derived solely . from observation, and from such experi- 
ments as enable us to prolong our time for observation 
beyond that which would have occurred in the ordinary 
nature of things or course of events. In these sciences 
the relationship of cause and effect is not capable of 
quantitative determination, so as to bring the laws which 
govern it within the range of mathematical investiga- 
tion, and thus enable our knowledge to be extended by 
this means. Here we may regard the laws as simply the 
observed sequence of phenomena. Under this great 
division we may range such sciences as Geology, Phy- 
siology, Botany, &c. 

Physico-MatJiematical Sciences are those where the 
changes observed are capable of numerical determination, 
and the laws underlying the phenomena can, therefore, 
be brought within the range of mathematical analysis 
and synthesis. This enables us to determine the pheno- 
mena which must occur as a necessary result, quite 
independent of all observation, under altered conditions 
of matter and force. Under this division we may class 
such sciences as Astronomy, Mechanics, Hydrostatics, 
Electricity, &c. 

8. The Physico-Mathematiccd Scieuces Aovxa ^x^ 
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treated of in these pages, and they may be looked upon 
as really susceptible of division into two distinct 
classes: — 

A, — Those sciences which investigate the nature and 
properties of matter in its various states or conditions, 
and its relation to the action of force; 

B. — Those sciences which treat of the nature of force 
and its various manifestations, and of the relation of 
these various forces to matter. 

Both of these classes of science are really the same 
investigations and phenomena viewed from different 
stand-points. 

A. — In the first of these great divisions we study the 
nature and properties of matter as distinct from force, 
and the various changes which the matter undergoes 
when subjected to the action of force. 

This division may be considered to include — 

I. Statical PhyaicSy which treats of tlie general 

properties of matter, such as extension, im- 
penetrability, incompressibility, <fec. 

II. Dynamical Physics^ which treats of the general 

laws which govern matter when in motion as 
a mass. 

III. Physical Astronomy, which treats of the laws 
of motion, appearances, and physical consti- 
tution of the larger masses of matter of which 
the universe is composed. 

IV. Stereo-statics and StereO'dynamics,wh\ch. treat 
of the general properties and laws of matter 
when in the solid state, at rest and in 
motion. 

V. Hydro-statics and Hydro-dynamics^ which treat 

of the properties and laws which govern mat- 
ter in the liquid state when at rest and in 
motion. 

VI. Pneumatics, which treats of the properties 
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and laws which goyem the action of matter 
when in the gaseous state, either at rest or 
in motion. Under this head we also include 
Acou8tic8y which treats of the nature and laws 
of sound. 
Vll. Molecular PhynicSf which treats of the nature 
and laws which govern the combination and 
motions of the smallest masses of matter, 
and which may also include Chemical Physics 
as a special branch. 

B. — In the second of these great divisions we study 
the nature of the energy which operates upon matter so 
as to change its condition, and investigate the various 
manifestations of force as they are revealed when derived 
from different sources of energy. 

This division may be considered to include — 

L Lights its nature, properties, manifestations, 
method of generation, and the laws which 
govern its action upon matter. 

IL Heat, with its two divisions of Thermo-statics 
and Thermo-dynamics, which include the 
nature, properties, method of generation, 
and laws which govern the action of heat 
upon matter. 

IIL Eleciricity, including Electro-statics and 
Electro-dynamics, which treat of the laws 
and phenomena of electricity, at rest and in 
motion. It includes, as special branches, 
Magnetism, Frictional Electricity, Voltaic 
Electricity, Animal Electricity, and Thermo- 
Electricity. 

rV. TJie Conservation of Energy^ which treats of 
the correlation of force, and the transmuta- 
tion of energy into its various forms or 
modes. 

9. Natural Philosophy, — The whole of these subjects, 
when taken together in both divisions, may be regarded 
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as oonstikLtiiig a complete course of Nalural FhUoBO'phy. 
Before^ however, we can profitably study the various 
sdences separately, it is necessary that we should look 
shortly at some of the means which are employed in the 
investigation of natural phenomena, and some of the 
instruments which are used to supplement the narrow 
range within which our senses can operate, so as to 
receive the impressions of the nature and structure of 
matter^ and the changes which are constantly occurring 
in it, as well as the means of detecting the various forms 
iA foHTce. 



CHAPTER IL 

MEANS OF INVESTIGATION AND INSTRUMENTS EMPLOYED 

IN SCIENTIFIC RESEARCH. 

10. FauncUuion of Physical Science. — ^As we have already 
seen, the foundation of all physical science is observa- 
tion and experiment, and nothing can be determined 
in r^ard to natural phenomena from any d priori 
considerations whatever. All our knowledge must rest 
solely upon observation and experiment, or upon mathe- 
matical deductions which arise from results idready fur- 
nished in this manner; and just in proportion as this 
great and fundamental principle has been acknowledged 
and acted upon has tiie progress of physical science been 
accelerated or retarded. 

Notwithstanding this, however, tiiere are other re- 
gions or departments of knowledge which have an 
important bearing upon the study of physical science, 
and without an acquaintance with which it is quite impos- 
sible to prosecute physical inquiry witii any degree of 

success. 

It is necessary, therefore, to look shortiy at some of 
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these departments of knowledge, so as to enable us to 
appreciate their bearing upon physical science, and un- 
derstand the important service which they render to it. 
They may be termed Pure or Abstract Science, so as to 
distinguish them from the physical sciences which we are 
considering. 

11. Pure or Abstract Science differs from physical 
science fundamentally in this respect : that while the 
latter is based upon observation and experiment, the 
former is quite independent of either. We have a good 
instance of abstract science in Geometry or Mathematics, 
where the whole structure of the science and its funda- 
mental axioms are the result of pure reason, and take 
their origin entirely within the mind alone, and alto- 
gether apart from any external considerations. Abstract 
science is, indeed, quite independent of any system of 
nature or creation, and its necessary conclusions hold 
good everywhere and throughout all time. It deals, in 
fact, with existences and the relations of existences, 
which we cannot conceive not to be by any mental or 
physical process whatever, and which form the sub- 
8ti*atum upon which rests all our fundamental notions of 
being, as distinguished from non-being, or nothhig. As 
an example of these inherent ideas, we may name time, 
space, order or sequence, number, (fee. 

These are what we may term necessary truths, and 
are quite independent of any cause. Indeed, into ab- 
stract science the notion of cause does not enter, and the 
truths are quite irrespective of anything which may re- 
present them. As an example, we may take any of our 
geometrical ideas. There may be no such thing as an 
actual circle marked out in space, and with our defini- 
tions of lines and points, as length without breadth, and 
position without magnitude, there could be no such thing 
drawn ; but if we once imagine it to be so, we are 
obliged to admit that all parts of the circumference are 
equi-distant from the centre, and therefore all the radii 
which can possibly be drawn — and t\iey at^ va&c^\\fe — 
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must all be equal In the same way, all the triangles 
drawn within a semi-circle, the one side of which is the 
diameter or chord of the arc, and the apex any point in 
the circumference of the circle, are all right-angled tri- 
angles. Whatever size the circles may be, or wherever 
drawn on a plane surface, they must always yield exactly 
similar results ; and we can assign no cause for it, since 
it is the necessary result of the very idea itself. 

This independence of all external things renders it 
possible to discover all the axioms and propositions and 
laws of abstract science, such as Geometiy, without the 
aid of a single observation or the performa^U 6{ a single 
experiment; although it will be readily seen that the 
results arrived at by pure reason may be, as in Practical 
Geometry, strengthened and confirmed by the sensible 
delineation of the circles and triangles, and the measure- 
ment of their relations : the truth of the propositions 
being, however, quite evident to the reason without such 
experimental proof. 

12. Symbolic Forma of Thought — Along with these 
fundamental ideas there also follows, as a secondary con- 
sideration, the nature and laws of the forms or symbols 
in which we embody our ideas of the nature and rela- 
tions of these notions. We may consider these as 
including : — 

1. Language^ whether existing in thought, spoken 

or written. This language we may consider to 
individualise being, and thus enable us to dis- 
tinguish between one idea and another, or one 
thing and another. Without such distinction, it 
is obviously impossible either to think or reason 
at all. Along with language we may also con- 
sider to be embodied the necessary laws or rules 
of language in regard to things, which constitute 
grammar, and thus prevent confusion in regard 
to gender, number, case, tense, ko, 

2. Logic^ which embraces the nature and relations of 

the laws of thought, because we cannot think 
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except according to a definite order, if we are to 
think correctly : that is, so as to arrive at truth 
as a result. Any other method of thought ex- 
cept the right one invariably leads either to 
wrong conclusions or else to confusion. We 
may also consider Logic as the science of rela- 
tions which are qualitative, as distinguished from 
Mathematics, which treats of relations which are 
quantitative. Tliis logical process may be divided 
into two different branches : viz., Formal Logic, 
which investigates the harmony of thought with 
its own necessary conditions ; and Applied Logic, or 
Metaphy8ic8,^\nx^i deals with the relation of formal 
thought to external being or the nature of things. 
3. Notation, or the Calculvs of Number , or the figures 
or symbols in which our ideas of number and its 
relations are embodied, and which is included 
under the general term of Matliematics. When 
this calculus relates to our ideas of abstract 
quantity, and the harmony of number with its 
own necessary laws, we term it Algebra; or 
when the idea of space is introduced. Geometry, 
When these notions are concrete or individual- 
ised, so as to enable us to apply our laws and 
theorems to specific cases, we term it Aritlir 
metic. All these fundamental ideas, as we have 
already said, are such that we cannot think 
or conceive of their abstract nature being dif- 
ferent from what it is; but we can, however, 
conceive of our artificial forms or symbols, in 
which we embody these fundamental ideas so as 
to make them intelligible to our thoughts, being 
different. Thus we know that the same things 
have different names in the difterent languages of 
mankind, and the symbols of Algebra might be 
infinitely varied. In Arithmetic, we might not 
only have an entirely different notation, but also 
the scale of the system might be twelve^ or a.vvj 
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other number, instead of ten, as in the oi-dinary 
scale: and yet we should be able, with equal 
accu^y, to perform all our operations and 
arrive at the same results. 
13. The Laws and Priiwiplea of Abstract Science 
underlie all our ideas of physical science, and, indeed, 
so much is this the case that, although we cannot obtain 
any knowledge of natui-al phenomena, or the laws which 
goveni them, without observation or experiment, still, if 
we find the results of these observations or experiments 
to contradict any of the laws or principles of abstract 
science, we should feel quite satisfied that our obser- 
vations had been erroneous, and that our experiments 
had not been conducted with the accuracy necessary to 
secure a correct result. 

It is quite essential, therefore, for all who wish to 
pursue physical science to its highest limits, and to 
acquire an accurate knowledge of it, to have the mind 
thoroughly trained in the principles and methods of 
abstract science, by which alone the reason and judgment 
can be so exercised and disciplined as to enable them to 
detect all the errors which can creep into our observations 
and expeiiments. This training and knowledge are also 
absolutely necessai'y in order that we may analyse the 
results of the knowledge which we thus obtain, so as to 
deduce the laws which underlie the phenomena, and pre- 
dict or determine the consequences or results which must 
flow from them. As an example, observation enables us 
to determine the relative positions of the heavenly bodies, 
and the paths in which they apparently move ; but ab- 
stract science alone can analyse these positions and motions, 
and determine, from the condition of things in the present, 
the positions which they wiU occupy, and the paths in which 
they will move in the remote future, or, with equal cer- 
tainty, what must have been the relation of their positions 
and motions in the remote past. 

Experiment may enable us to determine the quantity 
of heat which is necessary to expand a given volume of gas 
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to any definite degree under given conditions of tem- 
ixjratuie and pressure; but abstract science alone can 
enable us to analyse the results of the observations, so as 
to enable us to frame a definite conception of the nature 
of the work performed by the heat, and the effects which 
it would produce under altered conditions, such as pres- 
sure in relation to a constant volume when subjected to 
different degrees of heat 

14. Observation and Reason, — Unless the indications 
which are given by the senses are corrected and interpreted 
by the reason, they would frequently lead to the most 
false conclusions, but when the two are made to correct 
each other, and thus work in unison, they enable man to 
unlock the most secret recesses of nature, and enrich the 
mind with illimitable stores of knowledge. Thus, the 
science of Astronomy is entirely based upon observation, 
and these observations during the earliest ages revealed 
many anomalies, such as the retrogression of the planets, 
which seemed inexplicable to the reason ; but as soon as 
it was discovered that the motions of the planets traced 
out paths in space which could be investigated by Greo- 
metry, and which possessed geometrical relations to each 
other, the progress became rapid, and advanced within 
the limits of a single life-time more than it had done during 
all the previous ages duiing which the science had been 
cultivated, while the anomalistic motions were all ex- 
plained, and proved to be the necessary result of the 
various speeds with which the different planets moved, 
and the relations of their orbits to each other. 

The early progress of Astronomy was also retarded 
by the endeavour to make abstract reason supply the 
place of observation ; and many of the absurd notions of 
the ancients — such as that there could only be seven 
planets because seven was considered the perfect number, 
or, that the planets must move in circles, rather than 
ellipses, because the circular was supposed to be the per- 
fect motion — could easily have been corrected if they 
would have observed more and reasoned l^^a. 
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It cannot, indeed, be too strongly affirmed that reason 
and observation must go hand in hand — each in due 
subordination to the other — discriminating those cases 
where the one or the other is to have the predominance, 
and always checking the results derived in the sphere of 
the one by those derived in that of the other. 

15. Cause and Effect — ^We have already said that 
in the domain of abstract science the idea of cause has 
no place. We cannot, for example, conceive of a cause 
why the sum of three angles of every plane triangle are 
together equal to two right angles, or why all the diame- 
ters of an ellipse are always bisected in its centre. The 
very essence of all physical science, however, is the search 
after, and the determination of, a cause, and just in pro- 
portion as our knowledge of physical causes is widened 
or extended, we are able to anive at more extensive 
genei*alisations of knowledge — to see more clearly the 
relations which underlie all the phenomena of the uni- 
verse, and link them together in one harmoniQus whola 
For example, the varied phenomena exhibited by the 
reaction of matter and light upon each other, such as 
refraction, diffraction, interference, polarisation, and the 
like, are a series of isolated phenomena until we consider 
them as the result of a common cause — which is the 
vibration of an ethereal medium — when we can not only 
see the hannonious relation between them, but predict, 
as a result of this cause, a whole series of other pheno- 
mena which have been exactly confirmed by experiment. 

16. Numerical Relation, — In the study of physical 
science also we not only investigate the nature of the 
cause which underlies the phenomena, but also the exact ^ 
relationship, numerically and otherwise, in wliich the two 
stand to each other, and we never rest satisfied with any 
investigations which do not reveal to us a sufficient 
reason why any given cause produces a given effect. 

To do this effectually, as we have already seen, de- 
mands a wide acquaintance with the pure sciences, such 
mathem&tica or geometry ; and without this prelimi- 
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nary knowledge no inquirers can ever rationally expect to 
attain to such a position as will enable them to possess a 
full and intimate sense of the nature and validity of the 
evidence upon which the scientific demonstration of the 
laws of natural philosophy rests. To such the inner doors 
of the great temple of nature will ever be closed, but they 
may, nevertheless, attain to a considerable knowledge of 
the results which science has demonsti*ated, and although 
incapable of following out the various steps in the pro- 
cess by which the laws and their verification are deter- 
mined, they may be enabled to understand the principles 
upon which the demonstration is founded, because they 
are in unison with those processes of thought and reason 
which are in use in the ordinary alfaii*s of life. The 
conviction of the truth of scientific methods and in- 
ductions will also to such be materially increased and 
strengthened by the many instances, which are daily 
occurring, of scientific prediction or foreknowledge of 
phenomena, such as the occurrence of eclipses at the 
stated time, or the return of a comet after the interval of 
a century. 

It is thus possible to look at the whole range of 
physical science from a standpoint which is not mathe- 
matical, and to acquire a very considerable knowledge in 
regard to all the various branches into which such science 
is divided, as well as the fundamental principles upon 
which physical investigation depends, without any other 
preliminary training than that which is demanded by the 
rudiments of an ordinary education, and a t&ir acquaint- 
ance with the common rules of arithmetic. 

In order to do this,- however, it is also necessary to 
possess some knowledge of the nature of the methods of 
procedure which are followed in scientific inquiry, so as 
to enable the mind to rest assured that these methods 
are likely to lead to, and are sufficient to secure^ the results 
which are claimed for them. 

17. Observation cmd ExperimeTU, — ^We have alread.^ 
said that observation and experiment foTm >3ti<& ioracci^ 
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tion of all scientific inquiry, and there is a sense in which 
we may regard both these methods or operations as one 
in kind, and differing only in degree. 

Observation is the recording of facts as they occur, 
and the conditions under which, as well as the frequency 
with which their occurrence takes place, so as to obtain a 
record of the nature or character of the phenomena as a 
basis upon which to reason and generalise. 

Experiment is the subjection of the facts of observa- 
tion to successive recurrence, under conditions in which 
the observation can be more advantageously and con- 
tinuously exercised ; and may also embrace the alteration 
of the conditions under whicli the phenomena occur, so 
as to enable the alterations which are produced by such 
changes in the phenomena to be more effectually ob- 
served. Observation may be regarded as applying more 
strictly to the perception of phenomena without any 
endeavour to alter the course of events, and with the 
single desire to record, either in the mind or otherwise, 
the phases and sequence of phenomena; while experi- 
ment has as its ultimate object the verification of the 
facts of observation, so as to remove any grounds of un- 
certainty in regard to the i^al nature and sequence of the 
phenomena which have been observed. Experiment thus 
enables us to detect sources of eiTor which arise from 
defective observation, as well as to continue our observa- 
tion during a longer period of time, or with more frequent 
recurrence than in the ordinary processes of nature. For 
example, nothing can be more strictly an act of observa- 
tion than the attitude of the astronomer when watching 
the transit of the planet Venus across the surface of the 
sun, so as to obtain the means of determining the solar 
parallax; and as this event only occurs at long intervals 
of time, and the period of contact at ingress and egress 
only lasts for a fraction of a second of time, it has been 
found much too short to notice all the phenomena which 
occur at the moment, and considerable discrepancies in 
determining the times of contact have always arisen, from 
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different observers noting different phenomena. It was 
not, indeed, until a method was discovered by which an 
artificial transit could be produced, which could be made 
to occur aa often as desired, by means of a model which 
permitted a dark disc to cross over a circular luminous 
surface which represents the sun, so that continual ob- 
servation could be made beforehand, and all the phe- 
nomena and conditions which would occur at the moment 
be repeatedly observed, that the desired accuracy was 
attained which secured accordance amongst the observers 
of all nations who were to be employed in the Transit 
Expeditions. 

In the same way we shotdd have known very little of 
the real nature and manner of the electric discharge, as 
exemplified in a flash of lightning, which only lasts for a 
small fraction of a second of time, and the position of 
whose recurrence none can accurately determine, if we 
had not discovered means by which the discharge can be 
artificially produced, with any desired frequency and in- 
tensity, and thus enabled it to be subjected to not only 
continuous observation but also to variation in the con- 
ditions under which it occurs. 

Observation and experiment may be regarded indeed 
as passive and active obsei'vation, and are thus the two 
pillars upon which physical science rests, and together 
form the means by which we gain experience, which is 
indeed the great and only ultimate source of our know- 
ledge of nature and its laws. 

18. Accv/racy in Observation, — From this it will be 
seen that the utmost importance must be attached to 
accuracy of observation and experiment, because, unless 
our facts which can only be derived from observation are 
true, and our experiments correctly performed, so as to 
enable us to cross-question the facts and thus test their 
accuracy, as well as gain additional knowledge in regard 
to them, we can never attain a true knowledge of them, 
either with respect to the phenomena themselves or their 

qaose. 

t 

c 



18 INTERMEDIATE TEXT-BOOK OF 

Accuracy in observation depends upon : — 
I. Strict conscientiousness. 
II. Mental fitness. 
II L External or sensuous fitnesa. 
IV. Instrumental fitness. 

19. (I.) Conseientiowfness, — At first sight it might 
seem that conscience did not enter as an element into 
physical observation, but a very little reflection will show 
that it lies at the very base of all true obsei-vation ; be- 
cause, as a very first essential, there must be the deter- 
mination to accept nothing as fact which is not such, to 
neither add to nor subtract from the observed phenomena, 
nor in any way permit the mind to alter or vary the se- 
quence of events, so as to record them as other than 
what they really are. 

This inherent love of truth, for its own sake, has 
always been a prime characteristic of all who have been 
the great pioneers and discoverers in natural philosophy, 
and without it no forward steps can ever be taken. This 
remark applies to every act of obser^'ation and experiment 
in whatever department of research it is made, and to 
all the numerical or analytical processes which are 
founded upon the results so obtained. Any experience 
founded upon unconscientious observation is certain to 
be fallacious, and cannot be of any service either to the 
person who makes the observations, or to any who may 
afterwards use them. It is, indeed, the very reverse, for 
it becomes a source of error which may run through 
many generations, and entail an immense amount of 
work upon those who find that the incorrect observations 
contradict those which they have obtained, and thus the 
progress of science may be retarded rather than advanced. 

20. (IL) Mental Fitiiesa, — Strict conscientiousness 
cannot, however, take the place of mental fitness, and it 
is not too much to say, that all minds are, more or less, 
unfitted in some way or other for correct observation and 
experiment The character, temperament, feelings, and 
mental state of the obser\'er are always elements which 
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are apt to interfere with the correctness of observation, 
even when there is every desire to obtain nothing but 
the truth, and record nothing but the facts of the casa 

Every observer has what is known as a personal 
error, and, with the utmost desire for fidelity in observing 
or recording, this personal equation introduces inaccuracy. 
So true is this, that Lord Bacon observed that the human 
mind was constituted like an uneven mirror, and thus 
rendered incapable of reflecting the events of nature with- 
out distortion. Most men, for example, anticipate and 
see an expected event, such as the transit of a star 
before it really occurs ; and it is always necessary, in 
every series of experiments, to determine, if possible, 
the cliaracter and temperament of the observer, so as 
to estimate the probability and the nature of the errors 
wliich he may have unintentionally made. 

In addition to this personal error, there is always the 
difliculty created by pre-conceived notions, arising from 
education or otherwise, of what ought to be, and the 
tendency to make the facts of observation support special 
theories which the observer has the desire to establish, and 
which bias the judgment so as to render it incapable of 
forming a right estimate of what is really the fact. So 
much so is this the case, that for exact re^sults to be ob- 
tained it is sometimes necessary to employ entirely dis- 
interested observers and computers, who can have no 
possible desire to make the observed phenomena, or the 
deductions from them, other than what they exactly are. 

We frequently see this unconscious bias in ordinary 
life, in the different values which are put upon the same 
object by two different persons, who have every desire to 
be correct, but who have a personal interest in the mat- 
ter, when compared with the value which will be given 
by an independent assessor. 

In addition to this there is the fact that some minds 
are not capable of correct observation, arising from some 
defect in the mental constitution; but all minds are 
susceptible of education, so as to voipTON^ ^<& QT\!^SiS^ 
c 2 
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faculties. Few men are, however, like Professor Faraday, 
whose niind seemed to possess the power of both passive 
and active observation in its highest degree, and to such 
a mind education is much easier than under ordinary 
circumstances. 

Like every other faculty, that of observation becomes 
sharpened by use, and a thorough training is always 
necessary to secure the power of observation in its most 
accurate foim. 

True observation and experiment can only be con- 
ducted, as a rule, by those who know the nature of the 
work in which they are engaged, and who can, therefore, 
tell what to look for, and which parts of the transpiring 
phenomena are of most importance and really bear ujx^n 
the investigations in hand. 

The perfect observer and experimentalist must, indeed, 
possess many qualifications, such as quickness of percep- 
tion, judicial calmness of mind, an unexcitable tempera- 
ment, freedom from mental bias, and a retentive memory. 
Professor Jevons asserts that the successful investigator 
must combine diverse qualities. " He must have clear 
notions of the results which he expects, and confidence 
in the truth of his theories ; and yet he must have the 
candour and flexibility of mind which will enable him 
to accept unfavourable results, and abandon mistaken 
views.'* 

21. (IIL) External or Sensitous FUiiess, — ^Whatever 
conscientiousness or mental fitness, however, the observer 
may possess, there is always the necessary difficulty 
arising from the material condition of the body in which 
the mind is enshrined. 

All our knowledge of external nature is communi- 
cated to the mind through the organs of sense, and even 
supposing that these were all perfect within their range, 
there is still the fact that their range is extremely limited, 
and that there are whole series of phenomena which can- 
not be rendered evident to them except as a secondary 
effect. As an example, we have no sense which can 
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detect polarised light from ordinary light, or distinguish 
magnetic phenomena. 

We all know, moreover, that the senses are not un- 
frequently very defective. Few persons have perfect 
sight or hearing ; and, indeed, even when the sight is good, 
so far as the perception of the external forms of objects 
is concerned, the power to discriminate differences in 
colour varies very much in different individuals, and 
also at different times in the same individual One 
person in every fourteen is more or less colour blind ; 
and most people are aware how much more frequent is 
defective sight, so far as perfect distinctness is con- 
cerned, either at short or long ranges. In addition to 
this, the limit of the power of the senses is confined 
within a very naiTOW range. Thus, with regard both to 
the eye and the ear, which are acted upon by luminous 
and sonorous vibrations, a certain number of impulses 
in a given time are necessary before these organs can 
receive any excitement which can be transmitted to the 
brain, and whenever the impulses exceed a given num- 
ber, the power to receive the sensation ceases. 

The range of the eye is from red to violet light, which 
corresponds to a wave length of from gy.Voo^ ^ "e o.o oo^^ 
of an inch, and from about 458 to 727 millions of millions 
of vibrations in a second, and beyond this range on both 
sides, above and below these numbers, the eye is quite 
insensible to the sensation of light, although we know 
that there are vibrations of the ethereal medium beyond 
both these. The ear commences to act with a wave length 
of about 1 J inches, and ends when a 32 feet wave length 
is reached, and the number of impulses falling upon the 
ear per second corresponds respectively to about 8,192 
and 32 — ^the longest vibrations in length and time cor- 
responding to the deepest notes. 

Taste, and smell, and touch are also very limited in 
their range, and all must have observed, in regard to the 
senses, how very untrustworthy they are in regard to exact 
or numerical determination. How lew ca^xi ^<&\i^Tai\sv^ 
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the size or length of a body by the eye alone without any 
other measurement. Ask a number of individuals the ap- 
parent size of the sun, and all answers will probably be given 
from about six inches in diameter up to three feet, while 
the real apparent size is only about that of a fourpenny 
piece, seen at ten inches' distance, or about 4th of an inch. 
How few can determine the temperature of water by the 
use of the hand or the foot alone ; and, indeed, without 
the aid of a thermometer, or some such means, all quanti- 
tative determination of temperature would be at an end, 
for how very frequently one person feels hot at the same 
temperature as another feels cold. 

In addition to this inaccuracy of determination, the 
range in nature, within which the senses operate, is also 
smalL Accurate vision soon becomes impossible at a 
comparatively short distance, and we should know nothing 
of the physical constitution of the sun or planets, or the 
glory of the midnight heavens, with the naked eye alone ; 
while beneath and below all that the unaided vision can 
discern, there is a universe of the infinitely little which 
would have remained for ever unknown to man but for 
the invention of thQ microscope. So, too, with the other 
senses, such as taste, or smell, or sound, or the sensation 
of heat — how soon we pass the limits within which they 
can act. For example, no sense of difference in the 
degree of cold or heat can be determined by the unaided 
senses, with any degree of exactness, when the cold is 
much below the freezing point, or the heat above about 
180<^ Fahr. 

What can be learned, indeed, of the universe by the 
aid of the senses alone, forms only the lower limit of our 
knowledge and beyond this there lies a boundless region, 
where the unaided senses can never penetrate. 

Accuracy of observation — so far as the senses are 
concerned — therefore, is almost unattainable, and it 
requires the utmost care to prevent the various sources 
of error which are thus liable to arise, either in passive 
or active observation, from interfeiinor with the accuracy 
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of the resulta The evidence of our senses, indeed, i^e- 
quires to be tested and cross-questioned at every step, 
and continually cori^cted by the exercise of the reason 
before the observations can be recorded. 

It is also essential that all observations should be 
made, as far as possible, under conditions in which the 
senses are best fitted to receive correct impressions. The 
body should not either \ye fatigued or excited, and the 
conditions, whenever possible, should be such as to secure 
comfort in observation, which will prevent the disti*ac- 
tion of the mind. Cai*e should also be taken, especially 
in expeiimental observation, where the circumstances are 
usually more under control, to arrange the experiments 
in such a manner that the special sense which shall be 
called into play by the experiment shall be placed in the 
best position for observation. 

Just as the faculti^ of the mind can be rendered 
more acute and trustwoAhy by cultivation and exercise, so 
in the same manner the range and ix>wer of the senses ran 
be improved and extended. Use becomes second nature, 
and latent powers become developed, which enable even 
those who have not been gifted originally with great accu- 
I'acy of i)erception to enormously increase their elKciency. 
Thus the educated eye can detect differences of form or 
shades of colour which are quite indiscernible to an un- 
ti'ained eye ; and the ear of the musician can distinguish 
variations in tone and subtle depths of harmony which 
evade detection by the uneducated ear. 

22. (IV.) Instrumental Fitness, — Coeducation, how- 
ever, can increase the power of the senses beyond a cei-tain 
point, and when this is reached, it becomes necessary to 
supplement them by the introduction of artificial means. 
The progress of scientific discovery and the improvement 
in the mechanical arts have enabled this to be done with 
a success and to an extent which is absolutely marvel- 
lous. Almost every new discovery in physics has furnishetl 
science with a new instrument to aid in fui-ther scientific 
investigations, and every new refinemeut >nVv\^\\ Vka5»\^^w 
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introduced into the mechanical arts has enabled still 
greater instrumental range and accuracy to be attained. 
This has in its turn re-acted upon the progress of science, 
and enabled it to advance still farther. 

We may look at these instrumental aids in connection 
with the various senses of which they increase the range 
and accuracy : — 

(a) Instiniments which aid the eye. 

(6) Instruments which aid the ear. 

(c) Instruments which aid the taste and smell. 

(ci) Instruments which increase the range of feeling 
with r^ard to temperature, &c. 

23. (a) Tlie Eye is essentially an optical instrument 
— an arrangement of lenses which are capable of adjust- 
ment to meet the requirements of difference in distance 
and in intensity of light. These lenses converge the rays 
of light, which proceed from all luminous bodies, and 
concentrate them upon the living screen or I'etina, where 
the image of the object is formed, and which is in nervous 
connection with the brain. The eye judges of distance 
by the degree of convergence of the rays, the most distant 
objects subtending the smallest angle. All optical instru- 
ments are formed upon the same principle, with adjust- 
ments for similar purposes, and using the retina of the 
eye of the observer as the screen upon which the image 
is thrown, except in those cases where photographic re- 
gistration is desired, in which case a chemically-prepared 
surface is used instead. 

The Telescope^ whether reflecting or refracting, is only 
an artificial eye, which presents a far larger area to the 
luminous rays, and thus concentrates into a small space, 
and renders visible the impressions which could not be 
discerned by the smaller quantity of light which falls 
upon the area of the external eye. It increases the range 
of the eye almost beyond belief. To the naked eye the 
number of stars visible in the vault of heaven are to be 
counted only by thousands, but with the telescope literally 
bjr millions. The almost imperceptible discs of the planets 
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become broad and pictured surfaces, where the very 
clouds which float around the poles and the equator are 
distinctly visible, and the numerous moons which attend 
some of them can be clearly seen. Distant objects, in- 
deed, assume a distinctness only limited by the nature 
of the refiracting or i-eflecting medium and the condition 
of the intervening space, so that terrestrial objects may 
be viewed as if close at hand, and even the surface of the 
moon as if only forty miles distant. 

What the telescope has done for distance the micro- 
scope has accomplished for minute objects. 

The Microscope is really a telescope reversed, in 
which the image of the small object, seen under brilliant 
light, is projected into the eye in such a manner that it 
subtends a large angle, and thus appears close at hand. 
The naked eye can hardly discern the y^th of a linear 
inch ; but the microscope enables the observer to detect 
divisions up to the limit of human vision, which varies in 

different individuals from the s^j^.J^nr*^ ^ ^^® TTTF.Vinr^^ 
of a linear inch or thereabout. Nor is this all, for both 
the telescope and microscope are capable of being made 
into instruments of precision which enable angular and 
numerical registration to be made, which would be a1>80- 
lutely impossible without mechanical aid. Tlie two 
instruments, indeed, mutually aid each other. The equa- 
torial mounting of the telescope enables the motion of the 
earth to be neutralised, and thus the observer can look 
at the surfaces of the sun and planets as if they were at 
rest instead of moving in the heavens. The graduation 
of the divided circles which measure the angles of position 
can, by means of the vernier and microscope, be made to 
give results of astonishing accuracy. With a modification 
of the microscope micrometers can be constructed, which, 
when introduced into the eye-piece of the telescope, 
render it possible to determine the value of small arcs 
which cannot be arrived at by the larger circles. When 
the Micrometer is associated with the microscope we 
possess an instrument for detenmimig V!i[i<^ N^\xfe ^1 ^soss^ 
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distances, the range of which is only limited by the 
power of the human eye to receive impressions upon the 
retina. 

The same optical principles can be and are introduced 
into the construction of all other instruments used in 
physical research, and many of these enable us to obtain 
results both in observation and registration which without 
them would be absolutely impossible. By means of a 
small mirror which reflects a beam of light thrown upon 
it, and which beam is reflected into a graduated scale 
placed at a distance from the mirror, we can multiply 
small angular deviations in the mirror to almost any 
extent. When such a mirror is attached to the moving 
parts of our instruments for the detection of electrical 
and magnetic disturbances, we possess a range of pov/er 
which far exceeds anything which could be attained by 
the use of the unaided senses, however much they might 
have been educated. 

We may also mention here the various instruments 
which measure and record the flight of time, so as to 
render it visible to the eye, such as astronomical clocks, 
chronometers, and chronographs of different construction, 
which are amongst the most perfect of machines, and 
which enable the duration of phenomena to be seen or 
recorded to the most minute fraction of a second. 

Such instruments may also be mentioned as theodo- 
lites, levels, barometers, and various kinds of pressure 
and other gauges, which enable us to determine altera- 
tions in the action of molecular and other forces, either 
in a visible or gi*aphic manner, and thus to study these 
changes with greater facility. 

24. (6) 2^he Ear, — The limited range of the ear is 
also enormously increased by the aid of instruments such 
as the microphone and telephone, by means of which the 
very faintest sounds, such as the noise made by the 
motion of the feet or the respiration of a fly placed upon 
the microphone box can be rendered evident to the ear, 
and even be transmitted to a very great distanca The 
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application of electricity to the construction of instru- 
ments for aiding the ear indeed opens out an entirely new 
field for research, and is already prolific in i*esults wliich 
cannot but end in many important discoveries. These 
instruments ai*e already being applied to physiological 
research with singular success, and will doubtless enable 
minute physical changes which are accompanied by the 
emission of sound to be studied in a manner which, 
without them, would have been quite impossible. 

25. (c) Tlie Taste and Smell are usually employed 
to detect difierences in the real nature of the materials 
which arise from variation in the chemical composition 
of the substances. By them we can determine whether the 
various substances examined are bitter or sweet, acid or 
alkaline, or whether they are volatile, and thus difiiised 
as a gas through the atmosphere, where they reveal their 
presence by their characteristic odour. Although we can 
scarcely say that instrumental aid has been afibrded to 
these senses by direct mechanical means, still the pro- 
gress of chemi^ science has enabled us to employ agents 
for the detection of these difierences, which far exceed in 
delicacy the most acute and educated senses. Thus a 
tincture of litmus will decide whether a liquid is acid or 
alkaline, when the proportion of either present is far too 
small to be appreciated by the tongue ; and the presence 
of even gases which possess a powerful smeU, such as 
sulphuretted hydrogen or chlorine, can be detected by 
chemical means in quantities which are far too much 
difiused to be rendered evident to the smell. The whole 
of the senses, indeed, which can be called into play in 
order to detect the difference in kind of matter become 
quite subordinate and supplementary to the more accurate 
and delicate determination of chemical means. 

26. (d) llie Tliermonieter, — We have already noticed 
that the sense of feeling, and, indeed, all the senses, 
are singularly deficient in the direction of the quan- 
titative determination of phenomena, such as either 
actual or relative temperature. The thermometer in it& 
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Tarioos forms enables this to be done with the greatest 
ease. The principle upon which this instrament is con- 
structed varies with the nature of the researches to which 
it is to be s^pHed; but in all its more perfect forms 
which usuallj depend upon unequal expansion, or more 
delicate still when constructed to reveal thermo-electric 
currents, it enables us to determine differences in tempe- 
rature which are £8ur beyond the range of the sense of 
feeling or touch, even to detect in the slightest d^'ee. 
No instrument has rendered more signal and fundamental 
service to physical science, and it is hardly too much to 
say that without it physical research would be absolutely 
impossible, so far as quantitative relations are conoemed. 

Inequalities on the surface of substances, such as a 
mirror or speculum, which cannot be detected by the 
most delicate touch, can easily be seen by the employment 
of instruments which use a rav of li<^t to reveal the 
variation ; and in this and many other ways the range of 
the natural sense is supplemented and extended. 

27. Instrumenii of PrfciswU. — Every department of 
physical sciejice has now its apprt^uiate instruments 
which aid the senses in observing the phenomena and in 
recording the numerical results, and many of these in- 
struments are now carrieil to such perfection that they 
become self-n^fistering, and thus record the results of the 
dianges which they indicate without the aid of an ob- 
server at alL The description and use of these instru- 
ments are a necessary part of every course of instruction 
which is intended to impart a knowledge of the various 
sciences^ The marked advances \iiiich have been made in 
mechanical science have enabled machines of great pre- 
cisi<m to be used in the construction of these instruments, 
and have introduced a degree of accuracy into their 
various parts which has enabled observations to be made, 
which a few years ago were quite imjxtssible ; and this 
process will no doubt be much extended in future years 
with ever increasing benefit. It is, however, necessary 
to /joint oat that even these exact iostznments have their 
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sources of error, quite independent of the errors due tc 
the observer. 

The liability to flexure in the parts arising from the 
elasticity of the materials out of which the instruments 
are constructed, the alterations which they undergo in 
consequence of unequal expansion from variation in tem- 
perature, as well as the necessary eri'ors which arise from 
defective workmanship or improper adjustment, require 
to be specially determined before accurate observation 
can be made. This determination of instinimental error, 
indeed, often forms a by no means pleasing part of the 
work of every original investigator, and occupies a large 
share of his time and attention. Even here an observer's 
troubles do not end, for it is now definitely established 
that we cannot obtain any perfectly rigid and steady 
stand upon which to support our instruments, as the 
whole solid crust of the earth is subject to continual 
ti-emor and disturbance arising from various causes, and 
which much interfere with the determination of minute 
changes in position or motion. 

28. Mental Analysis, — ^When all ourobservations have 
been completed, with the best instruments at our com- 
mand to aid the senses, and with every care and attention 
bestowed upon the observations, so as to free them from 
both personal and instrumental errors, we are still only 
at the threshold of the real scientific work. We have 
obtained the materials, but the structure is yet to be 
reared, and this cannot be accomplished without mental 
analysis of the facts which these materials reveal. This 
may be said to consist in the classification of the obser- 
vations, and in the deductions and inductions which are 
made from them, so as to arrive at more general truths, 
and, ultimately, at the reasons or causes for the pheno- 
mena. The distinction between these two methods of 
reasoning is important Iridiictiwi is an ascent from the 
particular to the general, or from effects to causes. Deduc- 
tion is a de^scent from the general to the particular^ or 
from causes to effects. 
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By induction from a sufficient number of particular 
facts we infer a genei-al law ; by deduction we apply this 
general law to the explanation of new facts. The pro- 
vince of induction is to discover the law which binds 
together a given number of facts ; the pi-ovince of deduc- 
tion is to find all the facts illustrating the given law. 
In the first we have the facts given, and seek to find the 
law ; in tlie second we have the law given, and seek to 
find the facts. In the same way by induction we dis- 
cover the cause of certain phenomena ; while by deduction 
we seek to discover all the phenomena of which it is the 
cause. Induction finds the force which produces certain 
effects ; and deduction seeks all the effects which the 
given force produces. We are thus able to group our 
phenomena into still larger and larger classes, which 
present also a similarity in kind, and reasoning from 
these we reach the highest degi*ee of genei-ality of which 
science is capable, and are enabled to determine what 
are the axioms or fundamental truths in regard to the 
relations which subsist between the various phenomena. 

The Combined MetJwd is the method of science which 
may either rise from the particular to the general, or, by 
the reverse process, descend from the general to the 
particular. Induction may be said to be the method of 
investigation which seeks to determine the causes which 
lie underneath the phenomena, and which we term laws; 
just as deduction is the ])rocess by which the law induc- 
tively discovered is traced in new instances. In the 
inductive process we have first the facts and then the 
law; while in the deductive process we have first the 
law and then the facts which illustrate the law. Each 
needs the other, and both rest upon this principle of 
causality. All determination of the relationship of cause 
and eftect, even in pai*ticular instances, arises from the 
employment of the combined metliod, being founded upon 
the mental certainty that every effect must have a suffi- 
cient cause; and consisting inductively in having the 
causes of the effects, and deductively in having the effects 
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of the causes. Our knowledge, for example, of the re- 
action of matter upon matter, in direct proportion to its 
weight and inversely as the square of tlie distance, is a 
strict induction from the whole of the facts and pheno- 
mena which the study of matter has revealed ; but the 
assumption of the universality of the law of gravitation 
is the result of a deductive process resting upon the 
conviction that the relationship revealed by induction, 
arrived at from such wide experience, must hold good 
beyond the boimds of our possible experimental de- 
termination, even although that may extend to the 
farthest limit of the visible universe. Thus by induction 
we reach the law, but by deduction we infer its univer- 
sality. 

Thus the mind rises, step by step, to a higher and 
grander conception of the wonders which are revealed 
by the endless diversity in nature, and leams to see be- 
neath the surface of all this diversity, an equally astonish- 
ing unity continually manifested. The fixed order and 
continuity which everywhere obtains, and the universal 
reign of law which, while hidden beneath the surface of 
material tilings, is ever presented to the mind, cannot 
but suggest that, beneath the thin veil which hides the 
unseen energies of the universe, there lies an all-per- 
vading and omnipotent cause, the nature of which lies 
beyond the province of physical science to determine. 
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CHAPTER m. 

.^n'ATICAL PHYSICS, INCLTDIXG THE GKSTERAL PEOPEBTIES 

OF MATTER. 

29. The General Properties of MaHer may be regarded 
as those distinctive peculiarities which matter, as such, 
always ilisplays, and ii{¥>n the perception of which our 
knowledge of its objecti\*e reality depends. Hiese general 
properties of matter are divisible into two kinds, the one 
of which we may term esgentialy and the other specific 
The essential properties are those without which we ccmld 
not conceive matter to exist at all. and in whatever con- 
diticm it might Ite found : whereas, the specific properties 
are those winch de|)end upon the accidental state in which 
the matter exists at the time c^ the observation. Essential 
|wt^rties are therefore necessary attrilmtes ol matter ; 
while specific properties dej^nd on the peculiar state of 
atomic or molecular aggregation* and are subject to altera- 
tion along with the changing conditic^i which matter 
und^'goes when c^rated upon by force. 

30. The EsieHtiiMi Properties of Jifatfer may be re- 
garded as three — (l) Pcmderability or Weight ;' (2) Ex- 
tension or Space Occupation ; (3) Impenetrability. These 
properties of matter are true in regard to eveiy kind of 
matter, whether it exists in the solid, liquid, or gaseous 
condition, and i4pply eqnaUy to the atoms whidi are the 
ultimate basis of matter, and to the molecules which ^^'e 
formed out of aggregations of these atoms. 

31. (1) PonderMUi^ or Weighi is simply the word 
which we employ to signify that all matter possesses being, 
or mass, or quantity, by virtue of which it difiers from 
nothing, or non-being, and it is quite impoGsiUe to pre- 
soit to the mind any idea or ccmception of matter which 
does not possess this ponoperty. The wei«^t may be 
imineasuraUj small — so small that it may be quite im- 
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possible to determine its quantity by any instrumental or 
other means at our command — but the idea of a real 
weight, which enables matter to act upon other matter 
in its vicinity, and to be re-acted upon in like manner, 
can never be absent if we are to thmk about matter at 
alL We can no more banish this idea from our minds, 
when we think of matter in any form, than we can 
our fundamental ideas of space and tima Absolutely 
the mass always remains the same, because it is the 
real quantity of matter which forms the physical 
universe, and its increase or diminution^ which is the 
creation of new matter or the annihilation of old, is 
inconceivable. The whole of physical science is indeed 
founded upon this doctrine of the conservation of mat- 
ter, as revealed by its weight, because, if we could 
conceive for a moment that in any of the transforma- 
tions which matter undergoes, when acted upon by 
force, any portion of it disappeared, or any matter 
was introduced into the quantity operated upon which 
was not originally present, we could place no reliance 
upon any quantitative experiments whatsoever ; and such 
a science as Chemistry, which especially considers the 
quantitative relations of the various elements when in 
combination, would cease to exist. So far as any given 
quantity of matter is concerned, its absolute weight 
will remain the same, whenever and wherever it is con- 
sidered in regard to the same quantity of matter either 
of its own or any other kind, and we measure this weight 
numerically by the intensity of the resultant of the 
earth's attraction upon the molecules of the body, or its 
gravitating force, which is always propoi'tionate to its 
quantity, so that if we have double the quantity of matter 
we have double the gravitating power, or half the 
quantity of matter, half the gravitating power. Measured 
by this standard, however, the numerical absolute weight 
of a body does not remain constant in all parts of the 
universe, or, indeed, of the earth's surface, because, being 
the result of mutual attraction, it varies as the ac^o^v^ <^1 
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the distance which intervenes between the two gravitating 
bodies. The farther, therrfore, we remove a body from 
the surface of the earth, the lighter will it become, because 
the mutual attraction, upon which the measure of our 
absolute weight depends, is continually becoming less 
and less. Hus weight will also vair if we alter the 
standard mass of matter, against which a given quantity 
is weighed. Thus, while the mass of a givm body might 
remain the same, it would wei^ more upon the surface 
of the planet Jupiter than upon the earth, and be heavier 
still if transported to the surfBu:e of the sun. The pound 
weiglit is, indeed, rather heavier in Glasgow than in 
London, becwiuse the attraction of the earth acrts as if it 
were concentmted in the centre of the sphere ; and the 
form of the earth, which is an oblate spheroid, neces- 
sitates all places Knng nearer the centre of the earth as 
we proi^eed farther from tl>e equator towards the poles. 

Besides al^solute weight, there is also iW-n/ir* weight, 
and, as we lia>'e alrt^ady seen, this is quite independent 
of the conditions in which the matter is placed upon 
the surface of the eartlu or of those of any oUier 
body in the universe, or of the distance at which it may 
lie placed from the gravitating centre.. This relative 
weight is that which we determine by means of the 
balance, and is nothing moit^ than the ratio whi<^ the 
abscdute weiglit W'ars to that of any other mass of mat- 
ter which may be arbitiarily chosen as a standard of 
comparison. Thus, two pound weights which balance 
e»di other, will do the same either in London or Glas- 
gow, or any part of the eartli, or, indeed, of the univu^ 
althmigh their absolute weights, as detenuiiied by the 
power whidi they possess to compress or extend a sjiring, 
will vmiy in evmy fietsh position in which they may be 
placed. 

Tlieiv is yet another kind of weight whic^ we term 
tpeieiJS.c weights or specific grax-ity. This weight is reaUy 
the relation which sul^sists betwwn the mass or actual 
ajfasohite wi^ht of a body, and the volume or space 
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which the body occupies. In practice it is the relative 
weight of a given quantity of matter which occupies a 
given space, when compared with an arbitrary stajidard 
volume of matter which is selected as unity. Thus, all 
specific weights of solids are measured against the same 
volume of water, whose weight, at a given temperature, 
isi taken as the standard ; and all gases are weighed 
against a similar volume of hydrogen gas, whose weight 
is taken as unity. Thus we say the specific gravity or 
weight of the earth is five and a half, because it weighs 
five and a half times as much as a sphere of water of the 
same size or dimensions would do. This relation of mass 
or weight of matter to the volume which it occupies is 
also cfidled density. Thus, if we cause a given volume of 
matter to be compressed until it occupies half the volume 
or space which it formerly did, we say its density is 
doubled, and so on in proportion to the volume which it is 
made to occupy when compared with its original volume. 
When measured by the same standai*ds of volume and 
weight, the product of the volume multiplied into weight 
is always a constant quantity; and hence, when the 
weight of two or more bodies is the same, their densities 
are inversely proportional to their volumes. For the 
same reason, when the density of any two or more bodies 
is the same, their weights are directly proportional to 
their volumes ; and when the volumes of any two or more 
bodies is the same, their weights are directly proportional 
to their densities. 

32. (2) Extension or Space Occupation. — This pro- 
perty of matter simply means that all bodies or matter 
must possess magnitude. They must have a size of some 
kind, and must, therefore, take up or occupy a certain 
portion of space. This space may be so small that no 
means at our command may enable us to determine it ; 
but if matter exists and is present in any confined space 
which we may select and which is measurable, the matter 
present must take up some room in that space, and thus 
lessen the vacuum within it which wo\x\d ^^\gXi M ws^ 
D 2 
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matter were present. All matter is extended in three 
directions, which we term length, breadth, and thickness, 
and we cannot think of matter without these three ex- 
tensions being present in our minds. The relative pro- 
portions of these dimensions determine what we call the 
form or shape of matter. When these proportions bear 
certain relations to each other, we give the forms certain 
definite names. Thus, when they are the same in all 
directions, we term the body a sphere ; when they are 
bounded by flat surfaces, which are all equal and six in 
number, we term the matter a cube, and so on for all the 
geometrical figures. In measuring the dimensions of 
bodies, we always employ the same units of measurement 
that we use in the measurement of linear distances, but 
suppose this measure to be extended in three directions. 
Thus, if we use the linear inch, our unit for space mea- 
surement occupied by bodies is a space which is one inch 
long, one inch wide, and one inch deep : and this we call 
a cubic inch. In the same way, taking the linear mea- 
sures of a foot or a yard, we speak of a cubic foot or a 
cubic yard. This peculiar property of matter charac- 
terises it in whatever condition it may exist, because 
however great may be the attenuation or smallness of the 
size into which the matter may be divided, it can never 
be made to occupy no space any more than to have no 
weight. 

33. (3) Impenetrability, — By this term, in the 
sense in which it is used here, we do not mean that 
matter can exist so hard that it cannot be penetrated by 
another body, such as a cannon-shot entering an iron 
target ; but that since all matter, in whatever condition 
it exists, occupies space, so no two masses of matter or 
two bodies can occupy the same space at the same time. 
When a cannon-shot is driven by the velocity with which 
it is moving into an armour-plate or target, it simply forces 
aside the molecules of the iron which compose the target, 
and takes or occupies the space which they did ; but the 
ball and the molecules of the target are never in the same 



PHYSICAL SCIENCE. 37 

Space at the same time, and the one must be removed 
and caused to occupy another portion of space before the 
other can enter. The law which holds good for solid 
bodies is equally true for both liquids and gases, although, 
especially in the latter case, it is not quite so easy to 
realise. A ship's hull simply displaces so much of the 
water in which it floats, and although the ship passes 
through the water, it can only do so by continually 
forcing aside the molecules of the fluid in front, while 
others fall into the rear of the vessel as it passes along ; 
in no sense can the hull and the water be said to occupy 
the same space at the same time. In gases we have the 
same property, because if we try to make any two gases 
occupy the same space, we shall find it quite as impossible 
as to make two solids do so. Tlie principle upon which 
the diving-bell is constructed depends upon the fact that 
when a vessel is filled with air, which is a gas, water, 
which is a fluid, cannot occupy the same space at the 
same time. We shall afterwards see that although no 
two masses of matter can occupy the same space at the 
same time, yet from the probable nature of the constitu- 
tion of matter there is always such a distance between 
the molecules of matter, in proportion to the actual dia- 
meters of the molecules, that they never really touch 
each other ; and that there is always, therefore, room in 
the spaces between the molecules for other molecules, 
which are in a different condition of aggregation, to exist 
without interference with each other. Tlius, many solids, 
which seem to the ordinaiy senses to fill all the space 
which they occupy, can absorb and condense within them 
a large quantity of certain liquids or gases. In the same 
way, many liquids can absorb large quantities of gases, 
and many gases or vapours interpenetrate each other. In 
no sense, however, do they occupy the same space at the 
same time, since each separate molecule of matter occu- 
pies entirely its own space, and the othei's which are 
along with it occupy separate spaces side by side. 

34. The Specific Properties of ifatter, «u?» ^^ Vliks^ 
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already seen, are those which depend upon the peculiar 
condition in which the matter may. exist at the time 
when our observations are being made, and are all of 
them such that we can easily conceive of matter as exist- 
ing independently of them. 

We may consider these properties as seven in number : 
viz.: — (1) Divisibility; (2) Porosity; (3) Compressi- 
bility ; (4) Elasticity ; (5) Cohesion ; (6) Adhesion ; and 
(7) Inertia. 

35. (1) Divisibility is that property of matter upon 
which our power to divide it into smaller portions de- 
})ends. This division of matter can be carried on to an 
extent which far exceeds the power of the senses to de- 
termine. Thus, a single grain of gold can be mechanically 
beaten out until it will cover fifty-seven square inches, 
although the original bulk was not more than the -g-.^nnr^^ 
part of a cubic inch ; and this film is so thin that 282,000 
of them, placed like the leaves of a book one upon the 
other, will only occupy the thickness of one inch. By 
chemical means, this division can be carried to a far 
greater extent, and one single grain of gold made to cover 
a surface of about 9,600 square inches, while the thick- 
ness of the film is reduced to the ^.inri.Tnnr*^ ^^ *^ inch. 
The thickness of a soap-bubble, which consists of a thin 
film of soap and water, is only about the ttoJoutt^^ ^^ *^ 
inch at the time it bursts ; and when the water is raised 
into the form of steam or vapour, it is most probable 
that each separate molecule of water-vapour is far more 
attenuated than the thickness of this film represents. 
There is, however, reason to believe that there is a point 
beyond which the division of matter cannot be any longer 
continued, and we then reach the ultimate atom or 
smallest portion of matter which can exist, and which 
cannot be divided any farther because it has no parts. 
From a variety of physical experiments, it seems probable 
that the size of the ultimate atom does not exceed the 
6in7.w?r.Tnnr*^ (one five hundred millionth) of an inch in 
diameter. Professor Thompson has calculated that every 
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cubic inch of a gas at the ordinary tem])erature and pros- 
sure of the air, contains one hundred thousand millions 
of billions of molecules — a quantity which exceeds all the 
powers of the human mind to conceive. Although in 
these calculations there are necessarily wide limits of 
error, they nevertheless point to the fact, that all the 
ordinary matter which appeals to our senses is really an 
aggregation of much smaller masses ; and the results of 
chemical investigation render it all but absolutely cer- 
tain that the division of matter cannot be indefinitely 
extended, but that we ultimately reach a point where 
division is no longer possible, and that the various ele- 
mentary bodies are composed of atoms or ultimate par- 
ticles of matter which have each a definite size and 
weight, and out of which the molecules, or secondary 
particles of matter, are built up. 

36. (2) Porosity ^ or the existence of interstices or 
spaces between the molecules which build up the mass of 
matter, follows as a consequence of what we have already 
stated, that the molecules do not touch each other. These 
physical pores are in general so small that they cannot 
be detected by the unaided senses any more than the 
molecules themselves, but can be easily reveale<i by the 
aid of various experiments. Water enclosed in a gold or 
other metal globe and subjected to pressure, will force 
itself through the pores of the metal, and stand like drops 
of dew upon the surface ; and almost any ordinary solid, 
when immersed in water, will reveal the existence of 
pores, by the escape of the air which is enclosed within 
them, and which rises to the surface in bubbles ; or by 
the fact tliat it can absorb water within the pores, and, 
consequently, increases in weight after immersion. In 
many bodies the pores are so large that they can be de- 
tected even by the naked eye, as in a sponge, or, at any 
rate, under the microscope, as when we examine the cellular 
structure of any organic substance. These larger pores 
may be termed sensible pores, to distinguish them from the 
physical pores which arise from the molecuUx Bi\>T>Oi^\i>QL\^. 
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37. (3) CompresaibilUy, — ^This property of matter is 
a natural result of the last, because since the structure 
of matter is such that there are spaces or pores existing 
within the general bounding limits of the substance, it is 
Ciipable of being squeezed into smaller space, and thus 
made to assume a greater density when subjected to pres- 
sure. Different materials differ very much in regard to 
the degree of compressibility which they exhibit, and it 
will be quite obvious that, as a rule, solids are much less 
compressible than gases, which can be made to change 
their volume with very slight degrees of pressure. Liquids, 
like solids, offer very great resistance to compression, and, 
indeed, upon this fact depends the construction of the 
hydraulic press, where the force is transmitted from the 
small cylinder to the large one through the medium of 
water, and which water, because it can only be yery 
slightly compressed even when subjected to enormous 
pressure, raises the ram rather than change its voluma 
Those substances which are the most porous are, as a 
rule, the most compressible ; and in the case of solids, 
when a suflScient pressure is exerted, the solid structure 
ceases to compress any farther, and becomes disintegrated, 
or broken up, or else offers such a resistance that it 
changes its form permanently in those directions where 
it is free to expand. In the case of gases, a sufficient 
pressure ultimately causes them to assume the liquid 
form, and they then display the same resistance to com- 
pression as liquids. 

38. (4) Elasticity, — ^When any substance is sub- 
jected to compression by the action of pressure, it usually 
returns again to its original form when the pressure is 
removed, except that all solid substances acquire, when 
continually subjected to compression, a small permanent set 
or tendency not to again exactly attain the same original 
voluma Thus, if we stretch an india-rubber band or me- 
fcallic spring, it will return again to its original shape when 
the tensile strain is removed, and this property we term 
elasticity. This property is characteristic of almost all 
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matter in a more or less degree, because it arises from 
the existence of attractive or repellent forces acting upon 
the molecules of which the body is composed, and, as we 
might naturally expect, it is exhibited in the highest 
degree in those substances, such as gases, which also pos- 
sess the property of compressibility to the greatest extent. 
A gas when subjected to pressure which causes it to di- 
minish in volume never acquires a permanent set, but 
always, when the pressure is removed, returns to its 
original volume. Tliis property is well illustrated in the 
principle of the air-gun, where the liberated air expels 
the bsJl from the barrel with almost explosive violence, 
by virtue of the elasticity ; or in the enormous power 
which is exhibited in the elastic force of steam which is 
compressed into our high-pressure boilers, and which can 
do work against the most tremendous resistance. The 
elasticity of liquids is comparatively small when com- 
pared with that of either solids or gases. When an india- 
rubber ball is permitted to fall from any height on to a 
hard substance, the rebound which succeeds the impact 
arises from the elasticity of the body, the molecules of 
which are forced inward by the force of the blow, and 
drive the ball upwards again by their elastic force, which 
enables them to regain their former shape. 

39. (5) Cohesion is that property of matter by means 
of which the molecules, or particles of matter, unite, and 
remain in contact, so as to form one mass. It is one of 
the molecular forces which only acts through a small dis- 
tance, and this distinguishes it from the force of gravity, 
by means of which two masses of matter attract each 
other. It is distinguished from chemical attraction, which 
unites the atoms of different kinds of matter, so as to 
form new substances, by the fact that it unites the 
molecules of the same kind of matter alone, and in the 
same way it differs from adhesion, which unites the 
molecules of different kinds of matter. We measure the 
force of cohesion by the power or force which it is 
necessary to exert in order to tear asund^T tV\& TEi<(A!^csv]^!^ 
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of any l)ody, or force tliem apart by crushing or sheaiing. 
This force is very different in different substances, and 
while it is always considerable in solids, it is very feeble 
in liquids, and entirely absent in gases. These three 
different conditions of matter, indeed, appear to be the 
result of the overcoming or balancing of this force by the 
action of heat In all solid substances the swing of the 
molecules is so small that it does not overcome their 
mutual attractions, and they are not, therefore, free to 
move away from each other. In liquids the motion of 
the molecules, which constitutes heat, has overcome their 
mutual attractions, so that they are free to move over 
each other, but not, except at the free surliBwe of the 
liquid, able to tear themselves entirely asunder. In gases 
the force of cohesion, or the mutual attraction of the 
molecules, has been entirely overcome, and, therefore, 
ceases to exist as a binding force, and in consequence 
there is not only not any tendency to remain together, 
but a force which drives them asunder, so that there is 
no superior limit to the expansion of a gas which tends 
to diffuse itself continually through a larger space, as the 
pressure which restrains it is removed. 

The property of cohesion receives different names 
from the various special characters which it imparts to 
matter. When the particles of a body are united by this 
force in a feeble manner, so that they can be easily 
caused to change their relative position, we term the body 
9oft ; and when the force is exei-ted strongly, so that they 
offer very great resistance to any change of position, we 
term it hard. If the character of the cohesion is such 
that when the force has been overcome the molecules 
readily fall away from each other, we term it brittleness. 
This character is eminently chai^acteristic of almost 
all crystalline substances, because the molecules are 
arranged in the body in regular order, and do not inter- 
lock into each other, but form plane surfaces of con- 
tact, so that we can easily shiver them, as in the case 
of glass. 
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Malhahility is the opposite property to brittleness, 
l)ecause in all malleable substances we can extend or 
draw them out under the action of force, nnd cause the 
molecules to change their relative positions without so 
entirely overcoming their cohesive attraction that they 
fall asunder. Many metals, such as gold, or platinum, or 
silver, exhibit this property in a marked degi*ee, and can 
be, as we have already seen, beaten into thin plates or 
leaves of astonishing tenuity. They can also be drawn 
out into exceedingly fine wire, and this property we term 
ductility. The power with which a wire or other similar 
substance, such as a hemp rope or a silk fibre, resists 
any endeavour to tear it asunder, and whicli depends 
upon the cohesive attraction of its molecules, is called 
tenacity, 

40. (6) Adhesion, — ^This term is used to signify 
the power which two substances, either of the same or 
different kinds, possess to unite or stick together when 
brought into contact and subjected to pressure. Thus, 
two plane metal surfaces, or, indeed, perfectly true sur- 
faces of any kind of matter, when presented together 
unite with great ease, and require considerable pressure 
to tear them asunder. This is in many cases partly due 
to a partial vacuum being formed between them, and the 
pressure of the air is then exerted to keep them together; 
but apart from this they will unite, and if the surfaces are 
perfectly clean from foreign or greasy matter, they be- 
come, after a time, almost like one body. The use of 
gum or other mucilaginous matter which interlocks into 
the molecular surfaces, or excludes the air, and then sets 
hard, is well known as enormously increasing this power. 
The adhesion of solids and liquids is seen by the fact that 
when the solids are immersed in liquids, they come out 
wet, or have a thin liquid film adhering to the surface of 
the solid ; and if we try to pour out a liquid out of a solid 
vessel, the power of adhesion causes drops to cling to the 
side of the vessel, and renders it difficult to discharge 
them without spilling, unless a suitable spout or orifice i& 
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made, which offers the least surface for adhesion. The 
adhesion of gases to the surfaces of solids, is well seen in the 
bubbles of air which always are attached to solid bodies 
when immersed in liquids, and if the solid be, say a lump 
of sugar, which will melt in the liquid, the air can be 
seen clinging to the surface until it is entirely melted. 

41. (7) Inertia, — This is a purely negative quality 
of matter, and may be defined as the power which all 
bodies possess of remaijiing in the same condition in which 
they are, whether at rest or in motion, unless they are 
acted uix)n by external conditions. Thus, a body at rest 
will remain in that condition for ever, unless operated 
upon by some external cause which ctfn give it motion, 
and when once in motion it will continue in motion for 
ever, unless some opposing force act upon it, and thus 
reduce it to a state of rest again. 

Under ordinaiy cii*cumstances bodies, when set in 
motion, do not continue in this condition, but come to 
rest again, because they are operated upon by such power- 
ful agents as friction or resistance, whether this results 
from coming in contact with another body, or the slower 
contact with the air or other medium in which the body 
may be moving. 

A body moving on a smooth surface continues in 
motion much longer than when moving on a rough sur- 
face, where the friction is greater ; and if we remove the 
air from the case in which a pendulum is vibrating, or a 
top spinning, they continue in motion for a longer time, 
b€K».use the friction of the air upon the moving body is 
no longer in operation. In a railway collision, most of 
the danger to the passengers and rolling stock arises from 
the inertia of their bodies and of the material of which the 
train is composed. When the ti'ain is suddenly arrested, 
the passengers continue to move, and are thus thrown 
violently against each other and the sides of the carnages, 
while the carriages themselves are broken by the en- 
deavour to continue the motion of their parts, when the 
motion of the mass is stopped. When the motion of a 
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mass of matter is arrested suddenly, and the inertia does 
not tear asunder the molecules of which it is composed, 
the motion of the mass is tiunsferred to the molecules, 
and the mass becomes heated as a consequenca 



CHAPTER IV. 

DYNAMICAL PHYSICS, INCLUDING THE NATURE OP PORCE 

AND THE LAWS OF MOTION. 

42. Wb have already seen in the last chapter that all 
matter possesses the property of inertia, by which we 
mean that whether at rest or in motion, it cannot alter 
its state without the operation of some external cause. 
Every cause which is capable of acting upon a body, so 
as to change its state from a condition of rest to that of 
motion, or of changing the rate of motion, is called a 
force, 

43. Force may be derived from many sources in the 
physical universe ; and such forces are named from the 
phenomena which they exhibit when acting upon matter. 
Thus we speak of mecfianical force when the motion com- 
municated to any body is derived from the motion of any 
otlier mass of matter, such as the blow of a hammer 
driving in a nail or breaking a stone. Muscular, or vital 
force f may be the source from whence the hammer derives 
its motion. We term the force molecular when it is 
derived from the motion or constrained condition of the 
molecules of a body, such as the compression or elasticity 
of a spring or bent bow, or the expansion of a gas or 
vapour, such as steam, which may give motion to an 
arrow, or momentum to a fly-wheel in an engine or 
tiuin. 

When the source of force is atomic combinatioiL^ ^wsk 
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as the explosion of dynamite or gas, we call it chemical; and 
when the source anses from a \yo\Br or mutually attractive 
and repulsive condition in matter, we term it eUdrie 
or magnetic force, Thei'micy or heat force, is spoken of 
when the source of the motion, or resistance arises from 
the action of absorbed heat, such as the expansion of 
water into steam when it is boiled by the action of fire ; 
and radiant force when the force arises from the action 
of radiant heat, light, or actinism. A general term for 
all these forces is energy, of which they are all special 
forms, and which energy we may define as the power to 
do work against resistance. 

44. Kinds of Force. — When viewed in relation to 
dynamical considerations, we may regard forces not in 
regard to the sources from whence they are derived, but 
to the nature of the effect which they produce upon mat- 
ter. In this sense we may distinguish two different 
kinds of force, active or accelerating force, which tends 
to augment or increase the motion of a body ; and passive 
or retarding force, which tends to bring the body to rest, 
but which is, after all, only a force producing an effect in 
an opposite direction. Forces may also be regarded in 
relation to the time of their duration when acting upon 
matter. Thus, when they are always in active operation, 
such as in the attraction of the earth, or the resistance 
of the atmosphere, or the friction in a train of mechanism, 
we term the force continuous. When they operate at 
intervals, whether the time be short or long, such as the 
blow of a hammer, or the expansion of steam in a 
cylinder, which is admitted by the alternate action of a 
valve, we term the force intermittent. 

Instantaneous forces are those which act for an in- 
definitely short period only, such as an explosion of 
gunpowder. When one or more forces are operating 
upon a body, and it still remains in a state of rest, we 
speak of the condition of the forces as one of equilibrium^ 
because they neutralise each other's effects. 

45. Estimation of Force, — The difference between the 
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effects which any two or more forces are capable of pro- 
ducing we term the ratio of their intensity, and we 
measure this intensity by the comparison between the 
forces whose effect we desire to measure, and some other 
force whose effect or intensity is taken as a standard. 
This effect is estimated in 4is country by the work 
which the force will accomplish when entirely employed 
in raising a weight against the force of gravity, which is 
a constant quantity. The unit of work is the pound 
weight raised one foot high, and we therefore estimate 
the intensity of a force by the number of pounds weight 
which it will raise against the force of gravity when 
operating for one minute of time. 

From what has been already said in regard to the 
nature of the action of the various kinds of forces, it will 
be easily seen that the time during which they act is a 
very necessary element in the measurement of their 
intensities when comparison is to be made, because in 
the case of the instantaneous forces they can do an im- 
mense amount of work during the short time in which 
they are in operation, while the continuous forces may be 
able to accomplish the same work, but will occupy a 
longer period m performing it. For example, a cannon- 
shot can be projected upwards by the explosion of gun- 
powder in an instant of time, but the same weight could 
be raised to the same height by a much less energetic 
force acting over a longer period of time. 

In the Siime way, the height to which the weight is 
i-aised is equally important, and it is found that a con- 
stant relation always subsists between the weight raised 
and the height to which it can be raised in a given time. 
This relationship is such that with any given ex]>euditur6 
of force, if we multiply the weight in jx)unds by the 
height to which it can be raised, or the space tlirough 
which it is moved in feet, the product is always a con- 
stant quantity. Thus the same force which will raise 
100 Ibis, weight 10 feet high will also raise 10 lbs. 
weight 100 feet high, because 100 x IQ = \,^V>Vi, ^w\ \ 
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10 X 100 = 1,000. This constant relation has been 
termed the principle of virttcal velocities, and holds good 
for all forces when performing work, as well as for all 
mechanical arrangements which can be possibly devised 
for utilismg the action of forces in the doing of work. 

46. Motion, — Whenever force acts upon matter, 
it always produces, or tends to produce, motion, be- 
cause in cases where equal resistance to the force is 
encountered, equilibrium is established, and the body 
remains at rest. Whenever motion takes place, how- 
ever, it may be of two kinds : either rectilinear^ if the 
motion takes place in a straight line, or curvilinear y if in 
a curved or non-rectilinear path ; and in each of these 
cases the motion may be either uniform or variable. 
Uniform motion is that in which the body moves over 
equal spaces in equal times, like the hands of a clock; 
and variable motion when the rate of motion is con- 
tinually changing, the same as in tlie swinging of the 
pendulum of the clock, which is continually changing 
from rest to motion, and continually altering its rate of 
speed between the two conditions. When any moving 
body is continually altering the speed with which it is 
moving, or the space over which it is passing in a given 
time, we term the rate or measure of increase with which 
this is accomplished the acceleration ; or if the motion be 
decreased, the retardation of the motion. 

When a body is undei-going change of motion, the 
original motion, or space moved over in a given time 
before the acceleration began, is called the initial velo- 
city; and the speed at which it moves, or the space 
moved over in a given time when the acceleration is com- 
pleted, is termed ^% final velocity. The unit (tf velocity 
is the space in feet moved over by the body in one second 
of time; and this quantity multiplied into the mass 
or weight in pounds of any moving body is called its 
momentum. The unit of momentum is one pound of 
matter, moving with a velocity of one foot per second ; 
and when measuring the effect of any force we employ as 
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the unit offeree that force which, acting for one second 
of time, produces in the unit of mass, or one |x>uiid 
weight, a velocity of one foot per second. In each of 
these cases we may put an ounce or a ton in place of a 
pound, or an inch or a mile in place of a foot, and their 
relative value will not be altered. 

47. Laws of Motion, — The relation existing between 
force and motion may be expressed by what are termed 
the Laws of Motion, and which are three in number. 

(I.) FiBST Law op Motion. — Every body continues 
in a state of rest or of uniform motion in a straiglU 
line until it is compelled by some force or forces to 
change that condition. 

This law is only a more complete definition of the 
property of inertia (41), about which we have already 
written ; but it also involves considerably more, because 
it not only asserts that the action of force is necessary to 
produce motion in a body at rest, and rest in a body in 
motion, but also tliat force is also necessary to change, in 
any body in motion, not only the direction of the motion, 
but also its rate of motion, or acceleration ; so that when 
we have a body moving in a straight line, it requires the 
action of a force operating upon it from without to change 
the direction of the motion. We have an instance of 
this in the attractive power of the sun, which bends the 
path of the earth's motion, which would otherwise be 
rectilinear, into a curved orbit, so that it revolves round 
it. A falling body would also drop towards the earth 
with a uniform motion, if it were not that the action of 
gravitation is continuously operating during the whole 
period of the fall, and is thus continually altering the 
speed with which it moves, so that the final velocity is 
proportional to the square of the time through which 
the pull of the earth has been acting. Here we have 
the force acting in the direction of the motion of the 
body, and producing acceleration or alteration of rate ; 
but if the body be moving along the surface of the earth, 
the same as a cannon-shot discharged ViOT\zAw\A^^>'Cc^ 
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force, instead of ceasing to act, produces change of direc- 
tion, and the otherwise straight path of the shot is changed 
into a curve, which finally touches the surface o£ the 
earth. 

48. (II.) Second Law op Motion. — When a body is 
in motion under the infliience of any number of forces^ 
each force produces tJie same effect cw it would if the 
other forces were not acting, and the change of motion or 
direction is proportional to tlie moving force^ and takes 
place in tlie direction of t/ie straight line in which the 
force or resultant of forces acts. 

This law asserts that there is no such thing as the 
annihilation of the action of any force upon matter, but 
that all forces produce their effects in direct proportion 
to their intensities ; and when two or more forces acting 
upon any body produce equilibrium, or a state of rest in 
a body, it is not because the forces themselves are 
balanced, but their effects. 

To estimate the effect which any force acting upon a 
body will produce, it is necessary that we should know 
the point or position of the body on which it acts, and 
which is called the point of application — the direction in 
which it acts, or the right line which it tends to cause 
the point of application to describe — and its intensity, 
which we have already seen is measured by comparison 
with the effect produced by some other force which is 
taken as the standard. To estimate the effect which two 
forces will have when acting concurrently upon a point, 
we have only to consider the question as to the effect 
which each of them would produce in a certain time by 
giving to the point a certain velocity in a certain direc- 
tion, and then consider their joint effect by finding the 
common resultant in direction and intensity. When two 
or more parallel forces ai*e applied to the same point, 
their resultant is equal to the difference between the sum 
of those which act in one direction and the sum of those 
which act in the opposite direction, and this resultant 
acts on the side in which there is the greater sum. The 



PHTSIOAL SCIENCE. 51 

resultant of two concurrent f oixjes is represented in direc- 
tion as well as intensity by the diagonal of a parallelogram, 
whose sides represent the components in intensity and 
direction. By taking the forces acting upon a body thus 
separately, and compounding their results, we can thus 
estimate the eflfects produced by any number of forces 
in intensity and direction, and thus determine the final 
result produced. 

A good illusti^tion of this compound action of forces 
upon a body may be seen in a boat which is being rowed 
across a river. If the head of the boat is kept across the 
stream, it will be urged forward by the action of the 
roweris in the direction of its length, but at the same time 
it will be carried sideways down the stream by the current 
of the running water, and will finally reach the other side 
of the river, not at a point directly opposite to where it 
started, but at a point considerably lower down, and 
which will vaiy with the strength of the current. The 
centre point of the boat will have pursued the diagonal 
path of a parallelogram, of which one side will be re- 
presented by the breadth of the river, and the other by 
the distance down the river from the point at which it 
started to that point at which it reaches the other side. 
The passage, however, will have been made in exactly 
the same time as if the river had been a pond without 
motion, because the forward motion of the boat by the 
action of the rowers is in no way interfered with by the 
motion of the stream — the effect produced by each on the 
motion of the boat in no way interferes with the other. 

When a body in motion comes in contact with a body 
at rest of any size such that motion can be imparted to it, 
something like the following results take place : — Either 
the body at rest is dashed forward, and the motion of the 
striking body is changed in direction, or continues in 
the same direction with diminished force, or is entirely 
stopped ; or else the two bodies after the collision will 
move in opposite directions, arising from what we term 
in ordinary language the rebound. If tVi© afcT\k\\i^>wi\^ 
E 2 
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is small in mass when compared with the body struck, 
the effect will seem to be produced entirely upon the body 
which is in motion, and it will be driven away from the 
larger mass just as if it had not produced any effect upon 
it The effect produced is, however, exactly the same 
whether it sets the body in motion or not ; and we term 
the effect of the body in motion upon the body at rest the 
action, and the effect produced by the body at rest upon 
the body in motion the re-action. The relation between 
these two is^ defined in the third law of motion. 

49. (III.) Third Law op Motion. — To every action 
there is altoaya an equal and contrary re-action— or, in 
other words, the mutual actions of any two bodies are 
always equal, and oppositely directed in the same straight 
line. There are two different senses in which this law may 
be interpreted which are entirely different, and yet in 
each of them it holds equally true. The first case is that of 
simple pressures, or re-actions, in which the truth of the 
law is almost self-evident. If we press our hand against 
a wall, the wall prasses back against our hand with an 
equal pressure. If we take two spiral springs of equal 
strength and press them together, both are equally com- 
pressed, showing that the action and re-action are equal ; 
and this holds good whether we compress them both or 
only one of them against the other. If we connect the 
two bodies by a rod or a cord, so that we can have the 
pressure in extension as well as compression, we find it 
equally true; and, indeed, it is not necessary to have any 
connection, because the law holds good for fluid or gaseous 
pressures, and even for such attractions as that of mag- 
netism or gravitation. The attraction of the magnet for 
the keeper is exactly the same as that of the keeper for 
the magnet, and the attraction of a stone for the earth the 
same as of the earth for a stone. It will, however, be 
readily seen that in all these cases the two opposing forces 
which are represented by the action and re-action are 
acting in the same straight line, but tliat there are 
numerouB cases, especially when we come to consider 
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bodies in motion^ in which both the action and the re- 
action are the result of combinations of forces which pro- 
duce a series of results in which the motions of the bodies 
are not in the same straight Una We have already seen 
that the effect produced upon a body by two concurrent 
forces which are not acting in the same straight line is 
equal both in magnitude and direction to that produced 
by the force which would be repi*esented by the diagonal 
of a parallelogram whose sides represented the original 
forces in magnitude and direction ; and in the same way, 
the action of a force in a given dii'ection upon a body 
which is not moving in the same straight line may be 
resolved into two forces which are acting in different 
directions, but which bear the same relation to it as the 
sides of a parallelogram of which it forms the diagonal. 
Thus, when the wind blows upon the sails of a ship which 
is not sailing in the direction in which the wind is blowing, 
the velocity of the ship depends not upon the whole 
velocity of the wind at the point at which it is applied, 
but upon the component of that velocity in the direction 
in which the ship is moving. Viewed in this light, there- 
fore, we have not to consider the force alone when we 
come to estimate the effects of action and re-action, but 
the product of the force into its velocity, and in the case 
of the re-action, the resolved portion of the force into its 
velocity. The second case in which this law holds good 
may therefore be stated as follows : — If the action of an 
agent be measured by the product of the force into its 
velocity, and the re-action of the resistance be measured 
by the velocities of its several parts multiplied into their 
several forces, whether these arise from friction, cohesion, 
weight, or acceleration, action and re-action in all com- 
binations of machines will be equal and opposite. 

Had Newton, who first enunciated this second defini- 
tion of the law of action and re-action, known what is 
now discovered in regard to the nature of heat and light 
and magnetism, so that he could have correctly estimated 
the amount of work done by the expenditwT^ o^ Ou ^^n^'Ql 
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amount of force, as well as the rate at which the work 
could be done under the different conditions presented by 
the various kinds of machines, he would undoubtedly have 
arrived at a complete demonstration of the modem doc- 
trine of the conservation of energy, which asserts that 
the sum total of force, like matter, can neither be in- 
creased nor diminished. 
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UNIVERSAL GRAVITATION, INCLUDING A SKETCH 
OF THE PRESENT CONDITION OF ASTRONOMICAL 
KNOWLEDGE. 



CHAPTER I. 

TERRESTRIAL GRAYITT. 

50. Gravity. — ^The term gravity is used to denote that 
property of matter by means of which any two masses or 
molecules attract or tend to approach each other. This 
property, as we have already seen, is inherent in all 
matter, whether at rest or in motion. The action is 
mutual between all masses of matter (31), and varies 
directly as the mass of matter and the inverse square 
of the distance between the attracting bodies. Thus 
a double mass of matter exerts a double attraction, and 
a threefold mass a threefold attraction. When the 
attracting bodies are at twice the distance, they exert 
only one-fourth of the attraction which they formerly 
did, and if removed to eight times the former distance, 
only one-sixty-fourth of the power. In the same way, 
when two bodies approach each other their attraction is 
proportionally -increased. K the distance is diminished 
by one-half, the attraction is increased four-fold, and if 
by nine-tenths, then the attraction is increased one 
hundred-fold. When the two masses of matter differ 
in size, the mutual attraction is directly proportional 
to the product of their masses. Thus, if one mass be 
represented by 4, and another by 6, their mutual attrac- 
tions will be represented by -24. The iotc^ oi ^ton'-^-^ \a^ 
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really the result of the mutual attraction of every mole- 
cule of matter which composes oue mass upon every 
molecule which composes the other ; but when the masses 
of matter are symmetrical, such as spheres, they act upon 
each other just in the same way as if their whole mass 
were concentrated in their centres. 

51. Terrestrial Gravity, — In consequence of this law, 
the force of the attraction of the earth may be regarded 
as concentrated at its centre, and the mutual attraction 
of the earth and any body placed on its surface, varies 
directly as the mass of the body, and inversely as the 
square of the distance from the centre of the earth. In 
consequence of the shape of the earth not being a perfect 
s[>here, but an oblate spheroid, which is like an orange, 
flatter at the poles than at the equator, the force of gra- 
vity varies with the latitude of the different places on the 
surface of the earth. The force of gravity is also modified 
by the centrifugal force which is generated by the rota- 
tion of the earth, and which force is in opposition to that 
of gravity, being greatest at the equator, and vanishing 
altogether at the poles. This centrifugal force is at the 
equator about ^ J-9 th part of that of gravity ; and if, there- 
fore, the velocity of the rotation of the earth were increased 
seventeen times, the force of gravity of any body at the 
equator would be entirely neutralised, and its sensible 
weight cease to exist. 

52. Direction of Gravity. — In consequence of the 
attraction of two masses of matter acting as though the 
force were concentrated in their respective mass centres, 
the direction in which the force acts is in that of the 
straight line which joins their respective mass centres. 
However unsymmetrical any mass of matter may be, there 
is always a certain point within the mass, whatever way 
the body may be turned with regard to the earth, through 
which the resultant of the attracting forces between the 
molecules of the earth and of the body passes. This point 
is termed the centre of gravity. The action of gravitation 
upon any body, therefore, reduces itself to a single vertical 



PHYSICAL SClBKOe. 57 

force applied at this centre of gravity, and directed to 
the cen^ of the earth ; and whenever this resultant is 
neutralised by the action of the resistance of a fixed 
point, such as a support, or a suspending string, or other 
unyielding medium, equilibrium is established. With 
regard to the surface of the earth, therefore, the centre of 
gravity of all bodies tends to occupy the lowest possible 
position. Whenever the form or relation of a body, with 
regard to the attraction of the earth, is such that when 
the equiUbrium is disturbed by the raising of the centre 
of g«:vity it tends to i^tum to its formir position, we 
speak of it as being in stable equilibrium, A pendulum 
is a good example of this stable condition. When the 
relation of the centre of gravity is such that when once 
disturbed it tends to depart farther and farther from its 
original position, we say the body is in u/nstable equilihrvum. 
A rod of small diameter, such as a pencil placed vertically 
upon a table, is an illustration — ^any disturbance causes 
it to remove farther and farther from the vertical position 
until it falb flat upon the surface. When the position of 
the body makes no difference to its condition in regard to 
motion, such as a round ball, which will stand upon a flat 
sur&tce, and remain in any position in which it may be 
placed, we term it in nerUral eqvUibrium, Any sus- 
pended body upon the surface of the earth places itself 
in such a position, that when stable equilibrium is esta- 
blished, the line of the suspending string points in the 
direction of the centre of the earth. This line we term a 
plunUhlinef and a /torizonUd surface^ such as that assumed 
by the molecules of any liquid which are free to arrange 
themselves in equilibrium under the action of gravity, is 
always at right angles to this vertical line. It will be 
easily seen that in consequence of the earth being a 
sphere, no two plumb-lines are strictly parallel, but they 
may be considered as practically so, if the distances 
between them are only small. Mountain masses disturb, 
the direction of the plumb-line, and in this way, by 
measuring the disturbance caused by & tcloutl\;^sl \sl 
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Pertlighire, the relation of the mass of the momiiam iD 
that of the whole globe was obtained. 

53. Mea,8wrenientofGramty. — The attraction of gravi- 
tation i« most conveniently measured by the amount of 
motion which it is capable of impardng to a body whidi 
is free to fall towards the surface of the earth in a given 
tiiiia In a vacuum, all bodies receive an equal acoekia- 
tioHf under the action of gravity, in the same time, bo thai 
a feather and a ball of lead permitted to fall from the 
same position reach the ground at the same time. Undor 
ordinary conditions^ the resistance of the air retards iha 
fall of the feather more than that of the lead balL As 
already stated, the force of gravity varies to a small 
extent with the latitude of the place ; and at the latitude 
of London the acceleration imparted to a falling body 
may be taken at about 32 feet 2 inches per second. 

Another, and more exact, means of measuring the 
force of gravitation is by observing the oscillation of a 
pendulum — the time of the oscillation of any two pen- 
dulums of the same length, or of the same pendulum, 
being inversely proportional to the square root of the 
intensities of gravity at the places in which the observa- 
tion is made. In the latitude of London a pendulum 
39*139 inches in length exactly completes one vibration 
in one mean solar second, and we have therefore by this 
method, in addition to a measure of the intensity of 
gravity, an exact means of the measurement of tima In 
the same way we can calculate from the time of oscilla* 
tion of any pendulum its exact length, because the time 
of vibration is proportional to the square root of its 
length ; and we could thus at any time restore the exact 
length of the inch, or foot, or yard, if the standard were 
lost^ by observing the time of oscillation of the penduluuL 

The time of oscillation of the pendulum also enables 
us to determine with great exactness the precise figure of 
the earth, because since the action of the earth's mass 
upon the pendulum swinging outside its surface acts as 
if it were concentrated at the centre of the eartii, and 
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Uius affects the time of oscillation^ we can determine by 
this means the distance of any point on the earth's surface 
from the centre of the earth, either relatively or absolutely. 
The time of oscillation of the same pendulum decreases 
as we ascend a mountain, and also as we descend a mine, 
because in the latter case, although we approach the 
centre of the earth, the action of the superincumbent 
shell of matter left behind retards the swing of the 
pendulum, and shows us that the attraction of gravitation, 
although it acts as if it were concentrated at the centre, 
really resides in each molecule of which the mass is com- 
posed. 



CHAPTER n. 

THB PLANETS AS GRAVITATINO BODIES. 

54. Celestial Gravity. — The earth not only exercises an 
attraction upon all bodies placed upon its surface, but 
also, strictly speaking, upon every other mass of matter 
in the physical universe, however distant the masses 
may be. The recognition of this great fact formed the 
starting-point from which Newton deduced the grand 
theory of universal gravitation. In order to accomplish 
the proof of this theory, Newton first determined how 
far a body would fall in one second of time when con- 
tinuously accelerated by the force of gravitation upon 
the surface of the earth, and then computed how far 
it ought to fall in the same time when acted upon 
by the attraction of the earth at the distance of the 
moon, supposing the power of the earth's attraction 
to be decreased as the square of the distance increased. 
When this computation was first made, the distance 
of the moon from the earth was only very imperfectly 
determined, and as the force of gcavit*'^ ^<6(st^;dSd^ 



I 



60 INTERMEDIATE TEXT-BOOK OF 

as the square of the distance, a very small error in the 
distance causes a great discrepancy between the distance 
through which the moon itself ought to fall towards the 
earth, or be bent out of a straight path, and the actually 
observed distance through which it did fall. This error 
between theory and observation, which amounted to about 
one-sixth of the entire distance through which the moon 
ought to be drawn out of a straight path, retarded the 
proof and acceptance of the law of gravitation, as applied 
to the heavenly bodies, for many years ; and it was not 
until an entirely new determination of the diameter of 
the earth, obtained by the measurement of an arc of the 
meridian, enabled the distance of the moon to be accu- 
rately known, that, when the calculations founded upon 
the new distance were determined, it was discovered tiiat 
the observed and calculated distance through which the 
moon ought to fall towards the earth in one second of 
time were in strict accord with each other. The earth's 
power of attraction was thus shown by absolute demon- 
stration to extend out into space as far as the orbit of the 
moon, and to act, according to the same fixed law which 
regulates the descent of a stone to the earth, in deflecting 
the path of the moon from a rectilinear course, and thus 
converting the direction of its motion into an elliptical 
orbit, so that it maintains in every part of its revolution 
the most perfect equilibrium. From the earth and moon, 
as a system, it was easy to extend the calculations and 
observations to the planets and sun, and it was then 
found that the same law regulated their motions and 
relations, and is reasonably conjectured to extend far 
beyond the bounds of the solar system into the most 
distant regions of space. 

55, Solar System, — The earth and moon, the latter 
of which revolves round the former, are only part of a 
much larger system of mutually gravitating bodies which 
revolve round a common centre, the sun, and which, by 
its enormous mass, far exceeding and outweighing all the 
other members of the system, ex^cises a preponderating 
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infiuence upon them, and bends their various paths in 
space into a curvilinear orbit round itself. The various 
bodies which compose the members of this system differ 
much in mass and density (31), and in the distances at 
which they are situated from the sun. They number 
altogether several hundreds, including the comets, which 
are known to belong to the system, and, from the in- 
creasing number of smaller planets which are continually 
being discovered, are probably much more numerous than 
at present determined. 

The members of the solar system may be regarded 
as of four different kinds : — 

1. The large planets, which are eight, or possibly 

nine, in number. 

2. The smaller planets, or asteroids, which revolve 

round the sun between the orbits of Mars and 
Jupiter. 

3. The comets and meteorites, which are now proved 

to be related to each other. 

4. The satellites, or moons, which in varying number 

accompany many of the larger planets. 

66. The Large Planets, — The large planets are placed 
in the following order with regard to the sun, the first 
being nearest, and having, therefore, the smallest orbit : — 

1. Vulcan. — ^This planet is supposed by many astro- 

nomers not to exist, and it cannot be regarded 
as certain. 

2. Mercury. 

3. Venus. 

4. Earth, accompanied by 1 satellite, or moon. 
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6. 


Jupiter 


M 




4 


99 


>» 


7. 


Saturn 


» 




8 


99 


» 


8. 


Uranus 


n 




4 


)9 


)) 


9. 


Neptune 


if 




1 


» 


only known. 



All these planets move round the sun in one direction — 
viz., from west to east, and they also move on t>V!k&\t ^^\& 
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or rotate, in the same direction. The moons also all re- 
volve round the planets to which they are attached from 
west to east, with the exception of the four moons of 
Uranus, which move in the opposite direction ; and it is 
also probable that the moon of Neptune may also be 
another exception. 

All these planets also move or revolve round the 
sun very nearly in one plane — the plane which is 
marked out by the apparent motion of the sun in the 
heavens, as seen from the earth, and which is called the 
plarie of the ecliptic. The orbit of Mercury has the 
greatest inclination, which is about 7*^, and the whole of 
the planets, therefore, move, or appear to move, round 
the celestial vault in a narrow zone or belt, sometimes 
above and sometimes below the plane of the ecliptic 
This zone is called the Zodiac. 

57. Distances of the Planets. — ^The relative distances 
of the planets from the sun was known at a much earlier 
period than their actual distance. This relation seems to 
follow a curious law, which is known as Bode's law, from 
the German astronomer who discovered it^ No reason 
luLS ever been assigned for this law, so that we do not 
know upon what cause it depends. 

We may present the law in a simple form by writing 
the following series of figures : — 

3 6 12 24 48 96 192 

Add 4 4 4 4 4 4 4 4 



4 7 10 16 2S 52 100 196 

If 10 be taken to represent the distance of the earth 
from the sun, these figures represent veiy nearly the 
relative distances of the other planets, as will be seen 
thus : — jdMi 
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It will be seen that between the orbits of Mars and 
Jupiter one of these relative numbers, 28, is left out in 
the larger planets ; and this omission, which seemed to 
indicate that there should be a planet in this space, led 
to the search for, and discovery of, the asteroids. 

The relative distances being known, it is only required 
to determine accurately the distance of any one from the 
sun in miles, or any other unit, and all the others can be 
then easily calculated. This distance has been determined 
for the earth, and found to be about 91,430,000 miles, 
so that the actual distances of the planets and their periods 
of revolution round the sun are as follows : — 

Period of Bevolution round 
the Sun. 
Dislance in Miles. Days. Hours. Min. 

Vulcan (?) ... 17,372,000 ... 19 17 

Mercury ... 35,393,000 ... 87 23 15 

Venus ... 66,130,000 ... 224 16 48 

Earth ... 91,430,000 ... 366 6 9 

Mars ... 139,312,000 ... 686 23 31 

Jupiter ... 475,693,000 ... 4,332 14 2 

Saturn ... 872,136,000 ... 10,759 6 16 

Uranus ... 1,763,851,000 ... 30,686 17 21 

Neptune ... 2,746,271,000 ... 60,118 

58. Size of the Planets, — The relative size of the 
planets was also known before the actual size was deter- 
mined, but when once the distances were actually deter- 
mined, then the relation between the relative and actual 
size was also easily obtained, because when we know the 
distance, we need only measure the angle imder which we 
see the disc of the planet, or its apparent size, and can 
then readily calculate what must be the dimensions of a 
body which subtends such an angle at such a distance. 
The size of the planets being once determined, we can 
then readily estimate their relative volumes, and their 
mass or weight in relation to their volume, which, we 
have already seen, is temied the density of the body. 
This mass is determined by the law that the attraction 
of a body such as the earth upon the moou n^\\<^ 
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directly proportionally to the product of their masses^ and 
inversely proportionally to the square of their distances. 
The density of the earth, therefore, or the relation be- 
tween its mass and its volume being determined, it 
becomes a simple matter of calculation to determine the 
same for the other planets ; and this is specially easy in 
the case where there are satellites accompanying the planet, 
since their distances and periods of revolution furnish the 
requisite data. 

The following table exhibits the relative sizes of the 
various planets in diameter, measured in miles, and also 
the relative volume or space occupied by the planet io 
terms of the earth's volume, which is taken as unity ; 
also the relative mass or weight, and the density of each 
of them, as compared with the earth, which in each case 
is taken as unity : — 
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36,620 


9400 


1700 


017 



\ 



From this table it will be seen how very much larger 
the four outlying planets of the system are when comparod 
with the four which lie nearest to the sun, and how far they 
exceed the latter planets in their volumes. The mass or 
weight, however, is not in proportion to this volume, because 
the density of the outlying planets is much less^ and seems 
to increase as the planets lie nearer to the sun. If we wish 
to obtain the actual weight of the planets in tons, or any 
other standard weighty we have only to multiply the weight 
of the earth in tons (and which is, in round numbofs, 
6,000,000,000,000,000,000,000 tons), by the figures given 
in the third column for the respective planets, and we 
abaJ] obtain it at once. In the same way, by multipljing 
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the figures in the column marked "density" by 5*45, 
which is the density of the earth as compared with water, 
we can obtain the density of any of the planets measured 
by the same standard, and which we call the specific 
gravity. 

59. Planetary Orbits. — We have already seen that 
the planets move round the sun in curvilinear orbits, but 
these orbits are not perfectly circular, but nearly, if not 
quite, elliptical. The sun is, therefore, not in the centre 
of the orbit, but in one of the foci of the ellipse, and the 
motion of the planet in its path, in consequence of this, is 
not perfectly uniform, but grows swifter as it approaches 
the sun, and slower as it recedes from it. These results 
flow, as a natural consequence, from Newton's discoveries 
regarding the existence of universal gravitation, but long 
before his time they were embodied from actual observa- 
tion in certain laws, which are called, after their first 
enunciator, Kepler's laws. They may be stated thus — 

(1.) Each planet describes round the sun an orbit of 
elliptical form, and the centre of the sun occupies one of 
the foci 

(2.) The areas described by the radius- vector (or 
imaginary line which joins the centre of the sun and the 
planet) are proportional to the time occupied in describing 
them, so that equal areas are passed over in equal times. 

(3.) The squares of the periodic times of the revolutions 
of the planets round the sun are proportional to the cubes 
of their mean distances, so that if the squares of the mean 
times are divided by the cubes of the mean distances, the 
^otient will be the same for all the planets. 

If the planets were only acted upon by the sun, or if 
we consider the case of one planet and the sun alone, 
these laws would hold rigidly true ; but we have already 
seen that every mass of matter acts upon every other 
mass in the universe, and in consequence of this,' the 
various planets act and re-act upon each other, and intro- 
duce variations into their motions in their orbit, which 
are therefore subject to continual change^ both in th.Q.\£ 

V 
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periodic times and mean distances. If we take the case, 
of the earth, the planets which lie within its orbit, and 
nearer to the sun, tend to increase the foi-ce of attraction 
of the sun, and therefore tend to diminish the size of the 
earth's orbit, and decrease its periodic time, while those 
which lie without its orbit tend to produce an opposite 
effect The relative positions of the planets are also 
continually changing, and the effects which they produce, 
therefore, are continually varying also. This variation 
also extends to the inclination of the orbits of the planets 
to the plane of the ecliptic, and to the satellites as well 
as to their primaries, because it will be easily seen that 
so long as the disturbing body is revolving in that part 
of its orbit which lies below the plane of the ecliptic, it 
will also tend to draw downwards from its plane of 
undisturbed revolution the body upon which it acts; 
and when the disturbing body reaches that part of its 
orbit which lies above the plane of the ecliptic, this action 
will be reversed. The whole of the variations which 
these mutual actions, however, introduce into the moti<His 
of the planets are confined within certain well-defined 
and narrow limits, and are recurrent during long periods 
of time ; so that unless there is a resisting medium in 
space, which will retard the motion of the planets in their 
orbits, and thus cause the nature of the path which they 
describe round the sun to be not re-entering curves, but 
spii-als, the harmony and stability of the solar system will 
be undisturbed. We shall afterwards see that there is 
strong pason to suppose that such a resisting medium 
does exist, which will ultimately cause the planets to fall 
into the sun. 

60. The Earth, — Of all the planets, we know most in 
regard to the nature and structure of the earth, because 
we dwell upon its surface, and can analyse and examine 
the materials of which it is composed. We may take 
it, therefore, as a specimen of the planets, and enter 
more fully into details in regard to its shape, density, 
motions, and the changes which occur upon its surface^ 
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both in regard to its rotation round its axis and round 
the sun, and in conjunction with its satellite, the moon. 

The study of chemistry has enabled us to determine 
the number and relationship of the various elementary 
substances out of which the crust of the earth is com- 
posed, and the spectroscope has placed in our hands a 
means by which we can learn that the same materials are 
found in the sun, and even in the fixed stars, which lie 
far beyond the bounds of the solar system ; so that we 
are enabled from analogy to infer a common origin for 
the various members of the solar system, and from the 
changes which we see occurring on the surface of the 
earth, we can determine, within certain limits, what may 
be occurring on the surfaces of the other planets. 

61. Figure of Hie Earth, — The proof that the earth is 
a globe, and not a plane, may be derived in any of the 
following ways — 

(1.) When we watch a vessel sailing out to sea, we first 
lose sight of the hull, and then of the masts ; and in the 
same way, when a vessel is nearing laud from the open 
sea, the highest mountains first come in sight, even when 
far removed inland from the shore, and the beach last 
of all. 

(2.) When at sea, the horizon is always bounded by a 
circular line, and that line is, on any clear day, far within 
the limit of vision, and increases in size as any additiona) 
altitude is reached. 

(3.) The shadow of the earth when the moon is eclipsed 
is always seen to be round, and we should naturally infer 
it to be so, because all the other members of the solar 
system exhibit round discs. 

(4.) Whenever a portion of the earth^s surface is 
measured by triangulation, the sum of the three angles 
always exhibits an excess over two right angles, which 
would not be the case if it were a plane, and not a sphere. 
This increase in measurement over two right angles is 
called the spherical excess. 

(5.) If observations be made on different points on the 
F 2 
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surface of the earth, at some distance from each other, of 
the stars which are in the zenith at these various points, it 
will be found that the imaginary straight lines which join 
the point of observation with the zenith are not parallel 
to each other, and the surface of the earth must therefore 
be a curved surface, and not a plane. 

62. Exfict Figure of the Earth. — By means of the 
observation of these zenith distances, as well as by expeii- 
ments with the pendulum, it has been ascertained that 
the exact figure of the earth is an oblate spheroid, with 
the shorter axis from pole to pole, and the longer through 
the equator. The exact size is — 

Equatorial Diameter ... 41,848,380 feet 
Polar Diameter 41,708,710 feet. 

Recent researches, based upon accurate measurements of 
arcs of the meridian, have also brought to light the &ct 
that the equator, or imaginary circle which girds the 
earth at its largest diameter, is not quite round — the 
equatorial diameter from 14® 23' East, 194® 23' East of 
Greenwich, being 41,852,864 feet long, while the diameter 
at right angles to it is only 41,843,896 feet, or about two 
miles shorter. 

63. Rotation of tlve Earth. — In addition to the motion 
of the earth round the sun, it has also a motion of rotsr 
tion round the line which passes from pole to pole, or 
through its shoi'test diameter. The time of this rotation 
is once in every 23 L 56 min. 4*09 sea, measured by the 
departure of any meridian from a star and its return to 
it again ; but when measured by the mean motion of the 
sun's return to the meridian, it is rather longer in conse- 
quence of the earth's motion in its orbit, and is exactly 
twenty-four hours. This constitutes the difference between 
a mean solar daty and a sidereal day. The rotation of tiie 
earth upon its axis, which causes it to present alternate 
sides to the sun, round which it revolves in its orbit, 
makes the alternation of day and night. If the axis of 
rotation of the earth were at right angles to the plane 
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of the ecliptic, the day and night would always he 
equal in every latitude; but as it is inclined to that 
plane at an angle of 23^^, and as the direction of this 
axis of rotation always remains practicaUy in the same 
relative position in space, or parallel to itself, it is in- 
clined tatoards the sun in one position in the orbit, and 
from it in another, to that the alternate poles of the 




WINTER 

Fig. 1.— The Earth in its Orbit round the Ban. 

earth are sometimes more illuminated than at other times. 
This will easily be seen by reference to Fig. 1, which 
represents an imaginary view of the earth in its various 
phases of revolution round the sun. 

The imaginary lines drawn upon the surface of the 
earth represent the circles along which we measure 
latitude and longiticde from a given meridian, which in 
this country is the meridian of Greenwich. Latitude is 
measured along the circumference of a g;reat c\!£c\!^^ Xjcv^ 
plane of which passes through the centre sjxi'dL ^^^^^ q\^^ 
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eartb, and is determined in degrees, of which 90® extend 
from the equator to the pole, thus dividing the cirde into 
four divisions of 90® each. In consequence of the earth 
being flatter at the poles than the equator, the degree of 
latitude varies in length at the pole and equator, being 
longer at the pole and shorter at the equator. In 
England, in latitude 52®, the length of 1® of latitude 
is 364,951 feet. The great circle which passes round 
the centre of the earth mid-way between the poles is 
called the equcUor. This circle is divided into 360®, 
which are measured up to 1 80® either way, east or west, 
from Greenwich. On either side of this equatorial line, 
and parallel to it, at the distance of 23|®, are the Tropics 
of Cancer on the north and Cajyricom on the south. 
These mark the highest points towards the poles at which 
the sun is ever vertical, or in the zenith; and at the 
same distance from either pole we have two parallel lines, 
or circles, which are termed the Arctic and Antarctic 
circles, which mark the extreme limit at which the night 
and day cease to depend upon the rotation of the earth 
entirely, so that at the poles the year is made up of only 
one day and one night, each of six months' duration. 
These lines divide the surface of the earth into five zones, 
which are called frigid (two), temperate (two), and torrid 
(one). As the circles are all parallel to the equator, and 
become smaller and smaller as we approach the poles, it 
is obvious that the degree of longitude also deci-eases in 
length as we get farther away from the equator. At the 
equator the degree of longitude is about 69^ miles. When 
the latitude and longitude of a place are known, its exact 
position on the surface of the earth can be determined. 
At the equator the day and night are always equal, viz., 
twelve hours each ; but as we go north or south, towards 
the poles, they vary in length with the season of the year, 
so that the earth's surface on either side of the equator may 
be divided into two zones, in one of which — ^that nearest 
.the equator — the days and nights are measured by days, 
and bejrond this by months. The variation depends upon 



PUYSICAL SCIENCE. 71 

the position of the earth in its oihit, day and niglit being 
equal on all parts of the earth's surface at two points in 
the orbit, which are termed the Vernal and Autumnal 
equinoxes. 

The rotation of the earth can easily be made visible to 
the eye by observing the motion of the stars or the sun 
from any fixed meridian, or by the swinging of a heavy 
ball, to which is attached a pointer, from a long wire. 
The line of motion of this |)endiihim being in a fixed 
plane, the eai-th moves round beneath it, and at the poles 
would describe a complete circle in twenty-four hours. 
It can also be observed with a gyix)scope, the axis of 
which, when in motion, preserves a fixed position in space ; 
and a star observed in the direction of the axis of the 
gyroscope remains in that position, while its direction 
with regard to the earth changes, showing it is the earth, 
and not the star, which is in motion. 

64. The Seiisons. — ^The four seasons — spring ^ stimmer, 
autumny and winter — depend, like the variation in the length 
of the day and night, upon the inclination of the axis of 
the earth's rotation to the plane of the ecliptic, and also 
to a smaller extent upon the inclination of the plane of 
the earth's orbit to that of the ecliptic, and are a conse- 
quence of the revolution of the earth round the sun. In 
looking at Fig. 1, we see that as the earth leaves the 
autumnal equinox, in the northern hemisphere, the axis of 
rotation of the earth is continually being turned farther 
away from the sun, so that a larger portion of the hemi- 
sphere is in darkness, and the nights, therefore, increase 
in length until the winter solstice. In any given i>08ition 
in the northern hemisphere also, the height at which the 
sun will be seen above the horizon continually decreases 
up to this point. From the winter solstice to the vernal 
equinox, the changes take place in the opposite direction, 
and when the latter is reached day and night are again 
equal. From the vernal equinox to the summer solstice 
the length of the day is continually increasing, and the 
angle above the horizon at which the sun \ft «fc«tv \xvct^i».WN^ 
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also. At the summer solstice the whole of the arctic 
circle is so illuminated that the rotation of the earth 
never removes any part of it out of the sunlight^ and the 
sun never sets oji every part of it until the autumnal 
equinox isT again reached. In the southern hemisphere 
the seasons are exactly opposite to the northern hemi- 
sphere — ^the northern winter is the southern summer, and 
spring corresponds to autumn. 

65. The EarMs Orbit, — In consequence of the form 
of the earth's orbit not being circular, but elliptical, the 
earth is nearer to the sun at one period of its revoluticm 
than at another. When at its^ greatest distance, it is 
about 92,965,000 miles from the sun, and we say it is in 
aphelion ; when nearest to the sun, it is only 89,895,000 
miles distant, and we say it is in perUielion, 'the mean 
distance is about 91,430,000 miles. The earth is in peri- 
helion shortly after i)assing the winter solstice, and is, 
therefore, nearer to the sun during the northern winter 
than during the summer. This is reversed in the southern 
hemisphere — the sun being nearest during the summer and 
farthest away during the winter. The time required by 
the earth to perform one revolution in its orbit deter- 
mines the length of the year. The year is 365 days, 
6 hours, 9 minutes, 9*6 seconds. This determination is 
made by ascertaining the time between two successive 
conjunctions of a fixed star with the sun, and is called a 
sidereal yea/r, A solar year is 20 minutes 23*55 seconds 
less, and is measured by two successive passages of the 
vernal equinox, which, as we shall afterwards see, is con- 
tinually retrogressing, so that it appears to meet the sun, 
and thus makes the year appear shorter. 
. • If we measure the length of the year by two succes- 
sive passages of the aphelion or perihelion point, we shall 
find the year 4 minutes 39*7 seconds longer than the 
sidereal year, because these points have a motion forward 
in the direction of the earth's motion, and so tend to in- 
crease the year, which is then called the anomalistic year. 
The eUiptical form of the earth's orbit causes the motion 
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of the eai*tli round the sun to vary in speed, because the 
radius-vector, or imaginary line joining the centre of the 
sun and earth, sweeps over equal areas in equal times. 
Its motion is therefor^ slowest when farthest from the 
sun, and this causes the relative length of the seasons 
to vary. If the solar and anomalistic years were equal, 
the seasons would always occur in the same part of the 
earth's orbit ; but as they differ in length, the line of 
apsides, or line which joins the aphelion and perihelion^ 
points, slowly changes its position, at a rate which will 
cause it to perform a complete revolution in about 21,000 
years, so that in about half that time the earth moII be 
nearest to the sun in the northern summer, which is the 
reverse of the present position, and our autumn and winter 
will then be longer than they are now, and our spring and 
summer shorter. Since the solar year does not contain an 
exact number of solar days, there is in each year nearly 
a quarter of a day left over, which, in our calendar, has 
to be corrected by the addition of an extra day in Febru- 
ary once in every four years, which we call Leap Year, 
This addition, however, over-corrects the time by about 
three days in 400 years; and to arrange this, Pope 
Gregory adopted a plan of determining which year should 
be leap year, by means of which only 97, instead of 100, 
will occur in 400 years, and the error in the 400 years 
will, therefore, only be about 22^ seconds, or one day in 
3,866 years. 

In consequence of the attraction of the other members 
of the solar system, the shape of the earth's orbit is slowly 
changing its degree of eccentricity, and at the present 
time is more nearly a circle than it was about 210,000 
years ago, when the maximum variation reached about 
Ygth of the present distance of the earth from the sun. 
The present eccentricity is only -^th of this quantity, and 
will slowly decrease to about ^\^th, when the minimum 
will be reached, and the change slowly occur again in the 
opposite direction. This change iii the maximum and 
minimum distance of the sun must alter tVv^ m\/^TLi\\.^ <:kV 
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the seasons in the arctic and temperate zones to an 
enormous degree, especially when the position of the 
earth in its orbit causes the summer solstice to coincide 
with the perihelion, as it does at the present in the 
southern hemisphere, and may have been one of the causes 
which produced the great variations in climate which are 
revealed in these zones by the progress of geological 
discovery. 

66. The Moon. — As we have already seen, the earth 
is accompanied in its journey round the sun hy one 
satellite, tlie moc n, which, on account of its proxiBUly to 
the earth, appears, next to the sun, to be the larjgpest fwd 
most prominent object in the sky. It makes one rennohi* 
tion round the earth in 27 days, 7 hours, 43 minutely lU 
seconds, and makes also one revolution on its ub|:ff 
rotation during the same time, so that we only see. ^itfm 
side of the moon, as the same face is turned contuuHi^f 
towards us. The moon's axis of rotation is, howovsar^ 
like that of the earth, inclined at an angle to the jdaiMI liff 
its orbit ; and its orbit being elliptical, the motion of tibe 
body is not uniform, so that we sometimes see nMmiof 
one pole than the other alternately, and sometimes move 
of the eastern, and then of the western edge. This 19 
termed libration in latitude and longitude. The plaiie 
in which the moon revolves round the earth is slw 
inclined at an angle of 5^ to the plane of the earth's 
motion round the sun, and as the changes in the position 
of the moon's orbit, with regard to the earth, vary very 
rapidly, we have many different phases presented during 
the year. 

67. Phases of the Moon, — The most familiar changes 
are those which the moon presents in regard to its degree 
of illumination by the sun in its monthly journey round 
the earth. These will be most clearly seen by reference 
to Fig. 2, where we have the appearance presented by the 
moon, both as seen in a bird's-eye view of its orbit and 
from the surface of the earth. The first of these is seen 
on the inside circle during every quarter of its revolution, 
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and the latter delineated in the outside circle. As seeu 
from the sun, the degree of illumination is always the 
same, but from the earth within the orbit it varies from 
total darkness at new moon, through every decree, to 
full brightness at full moon, and waning from this point to 
new moon again. The inclination of the moon's orbit to 




Fig. 2.-Fluuea of the Uoon E, Euthi B, Bm 



that of the earth causes the moon to be illuminated even 
when the earth is between the sun and moon, except at 
those times when the moon's nodes, or points where the 
orbits cross, come in the same straight line which 
joins the centre of the earth and sun, and we then 
have the phenomena of eolipaes. [f this occur at the 
full moon, we have an eclipse of the moon, because the 
shadow of the earth ia projected on to the surface of the 
moon ; and if at new moon, an eclipse of the son., ^i«cwyife 
the dMrk body of the moon hides the T^^a ot 'div^ vo^^ ^^^ 



76 INTERMEDIATE TEXT-BOOK OP 

the shadow of the moon is projected on to the earth. 
Partial or total eclipse depends upon the position of the 
moon in regard to the eccentricity of its orbit, and the 
exact degree of coincidence of the three Iwdies in regard 
to a straight lina 

68. Distance of the Moon, — The distance of the moon 
from the earth can be easily determined, because being so 
near to the earth, there is a sensible change in the posi- 
tion which she occupies against the background of the 
sky, when seen from two distant positions on the surface 
of the earth. The distance between these two stations 
being known from the dimensions of the earth, and the 
angle between them and the centre of the moon-~or, what 
is the same thing, the angle which the line joining the 
centre of the moon and the observing position makes with 
the zenith of the place — ^being known, we can easUy 
calculate how far distant the moon is from the earth. 
We have already seen that this distance varies, because 
the orbit is not circular, but elliptical The greatest 
distance, which we call the point of apogee, is 251,947 
miles, and the nearest, or perigee, is 225,719 miles. The 
diameter of thB moon is al)out 2,153 miles, so that it is 
jabout forty-nine times less than the earth in volume. 

69. The Tides. — The preponderating attraction of the 
eai'th keeps the moon in its orbit, but the earth is also 
influenced by the moon in many ways. The shape of the 
earth being not a perfect sphere, but larger at the equator 
than at the poles, the excess of matter accumulated there 
is, in conjunction with the sun, unequally attracted by 
the moon, and causes the precession of the equinooces, 
which we have already noticed. The most important 
action is, however, upon the water which covers a large 
portion of the earth, and this causes the tides. When 
the moon attracts the ''^rth, the water is attracted also, 
and tends to leave the earth or draw nearer to the moon, 
both in the direct line which joins the moon and earth 
and in a tangential direction. When the sun and moon 
are on the same or opposite sides of the earth, as at the 
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new and full moon, then the action is greatest, and a 
mound of water is raised above the general level of the 
ocean. The highest elevation of this tidal wave is nearly 
along the line which joins the centre of the earth and 
moon It therefore remains fixed while the earth re- 
volves beneath it, and thus every part of the ocean is 
disturbed by this tidal wave once in twenty-four 
hours. The attraction of the moon, however, is greater 
upon the earth which lies nearest to it than upon 
the water on the opposite side of the earth, and as a 
consequence, while the water is piled up underneath 
the moon's meridian, the earth is also drawn towards 
ity and leaves the water behind, which, being lighter, 
tends to produce an equilibrium of the system, and there 
IB, therefore, a tide produced on the opposite sides of the 
world at the same time. The tides which are produced 
by the combined action of the sun and moon are called 
spring tideSj and always occur about three days after new 
wd full moon. The Tieap tides, which are always lower, 
occur about the same time after the quadratures, llie 
ellipsoid of water, which is formed upon the earth's 
surtace by this attraction, always presents its longer axis 
to the moon, and as the earth is revolving within it, it 
produces an action like that of a friction break upon the 
globe, and tends to retard its rotation, and thus to reduce 
the speed of the earth, and lengthen the duration of the 
day. Kecent researches in astronomical physics point to 
the fact that in the remote past the earth and moon were 
once much nearer to each other, and their mutual action 
therefore stronger, and the tides much higher and more 
errosive in their action — a fact to be remembered in the 
interpretation of geological phenomena. The action of 
the tides will tend to retard the rotation of the earth 
until the day is lengthened out to the same period of 
time as the revolution of the moon round the earth, 
and the only tidal action will then be that produced by 
the difference between the solar and limar attraction. 
The lengthening of the day will also accownt ioit \}ki<^ ^\&- 
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crqiaucy between the observed and calcolatod pocdtion trf 
the moon, which is known as the acceleration ot its mean 



70. The Surface of Ike Moon caa be observed with 
greater ease th&n any otlier member of the solar t^jrstetn, 
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becanse it lies nearest to the earth ; and with the most 
powerfnl tclfscnpes can be seen as ilistinclJf as if viewed 
with the naked eve at a distance of onlr sbont 300 milea. 
A more deaoUte landscape cannot be imagined- T^ 
plains are ancient se&-beds, whidi are all dried up ; the 
•' volcanoes, iriiich have long been extinct, and 
rear their bamn sommits to a height wfaidk, for 
p of the nHxm, are modi higher than anv terrestrial 
7,000 feet, as meuond bj 
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their shadows. Many of the craters are circular, with 
rugged mountain walls surrounding them, and enormous 
cracks and fismres are distinctly seen in the lunar surface, 
telling of earthquakes and upheavals in the ages long 
gone by. Fig. 3 gives a good idea of what the appearance 
of a lunar landscape must be in one of the mountainous 
r^ons. The absence of air and water renders the surface 
subject to very great changes in temperature. When the 
sun is shining upon it, ^e heat is probably far hotter 
than the temperature of boiling water, probably at least 
600*^ Fahr. ; and when his rays are withdrawn, the cold is 
so intense, from the radiation of the heat into space, that it 
is probably far below the lowest temperatures that ever 
exist upon the surface of the earth, or possibly that can 
be even artificially produced. 



CHAPTER III. 

VHR PLANETS AND MEMBERS OF THE SOLAR SYSTEM 
OTHER THAN THE EARTH. 

71. 5f%e Physical Condition ofUie Planets, — As we have 
already seen, the earth and moon are not the only 
members of the solar system, but they may be taken as 
types or examples of the probable nature of the other 
members, both as regards the materials out of which they 
are formed, and the changes which they have undergone 
duiing the past ages of their existence. We shall see 
in a future chapter they have, in all probability, had a 
common origin, and even since their separate condition 
was determined have been in an incandescent state, 
during which they were self-luminous ; and among the more 
volatile constituents existing as gases in the surrounding 
atmosphere, just as upon the surface of the earth we 
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have water, vapour, and clouds, as well as air. Although 
we cannot examine the surfaces of the more distant 
planets in the same way and with the same distinct- 
ness as we can examine the surface of the moon, we 
can nevertheless trace the clouds floating in the planetary 
atmospheres, and in the case of one, at least, observe the 
accumulation of snow at the poles, the same as in our 
own arctic and antarctic regions. 

The different distances at which the planets are 
situated from the sun make an enormous difference in 
the quantities of light and heat which they receive, and 
this, in turn, must alter the conditions upon the surface ; 
unless, indeed, in the case of the larger and outlying 
members of the system, their own internal heat arising 
from their enormous mass is greater than in the smaller 
planets. They have also very different conditions, arising 
from their different times of rotation, the inclination of 
their axis of rotation, and other i)eculiarities which can 
only be generally noticed in detail 

72. Mercury y the planet lying nearest to the sun, of 
which we have certain evidence, is so lost in the solar 
light that it is extremely difficult to make accurate observa- 
tions. Athough its mean distance from the sun is only 
35,393,000 miles, its orbit is more elliptical than that of 
any other member of the system, and when farthest from 
the sun, is 15,000,000 miles farther than when nearest to 
it. This is about five times gteater than the difference of 
least and greatest distance of the earth from the sun, and 
must make an enormous difference in the heat and light 
received when in the two positions. The inclination of the 
axis of rotation to the plane of its orbit is much greater 
than that of the earth ; and although it performs one 
rotation on its axis in about 24 hours b\ minutes, the rela- 
tive length of iihe day and night during different periods of 
the year is much more variable than upon the earth. The 
length of the year is 87 days, 23 hours, 15 minutes. 

73. Venu8 moves in an orbit which, unlike that of 
Mercury, has very little difference between its greatest 
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and least distance from the sun, being very neavly cir- 
cular. The mean distance is about 66,131,000 miles. 
In its revolution round the sun it approaches nearer to the 
earth than any other planet^ being, when at its nearest 
position, only 23,309,000 miles distant When in the 
intermediate positions, where its light is not lost in the 
blaze of sunlight, it is the brightest object in the heavens 
except the moon and sun, and it is alternately the 
morning and evening star. Its light is so briiliaiit that 
it frequently casts shadows on the surface of the earth, 
and its phases, which are similar to the moon, are fre- 
quently quite distinctly seen even with the naked eye. 
Like the moon, when in certain positions with regard to 
the earth, it passes over the disc of the sun, and this 
transit of VenttSy as we shall afterwards see, forms one 
of the best means of determining the distance of the 
siuL The inclination of the axis of rotation to the 
plane of the planet's orbit is very great ; and this must 
make a very great difference between the summer and 
winter climates in both hemispheres, as they are alter- 
nately exposed to a six months' night and day of far 
greater heat and cold than our own earth, and during 
both summer and winter the sun at the equator hardly 
rises above the horizon. The mean length of the day is 
23 hours, 21 minutes, and 23 seconds, but it is very 
variable in length during the different seasons on dif- 
ferent parts of the planet. The year is 224 days, 16 hours, 
48 minutes. 

74. Mara is the first of what are known as the exterior 
planets, because its orbit lies entirely outside that of the 
earth, and farther away from the sun. Tlie oibit of 
Mars is far more elliptical than that of the earth, so that 
when nearest to the sun, the planet is only 126,341,000 
mil^s, and when farthest away, 152,284,000 miles, and 
the enormous difference between these two extremes 
causea a very great variation in the amount of heat and 
light "wliich it receives at different seasons of the year: 
all the more so, because the summer of the »Q\3Jdv&\:vs. 
o 
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hemisphere occurs when the planet is near its perihelion. 
The year is 686 days, 23 hours, 31 minutes long, and the 
length of the day very similar to our own — 24 hours, 
37 minutes, 22 seconds. The inclination of the axis of 
rotation to the plane of the planet's orbit is 28^ 51', 
so tliat the seasons from this cause are something like 
our own, but on account of the greater ellipticity of ihe 
orbit, they are not so equal as on the earth, and also much 
longer, on account of the greater length of the year. 

The surface of Mars is evidently diversified by land 
and water, and during the winter the snow can be easily 
seen accumulating at the poles, and melting away or 
growing less during the summer. When nearest to the 
earth, it is only 62,389,000 miles distant, so that there 
is a gi*eat difference in the apparent size of the planet 
when viewed from the earth at different times. Recent 
discovery has determined that Mars is accompanied by 
two small moons. 

75. The Asteroids. — As we have already seen (57), 
the discovery of Bode's law led to the aJssumption that a 
planet, or planets, must have existed at some time in the 
intermediate space between the orbits of Mars and 
Jupiter; and when careful observation was made, it led 
to the discovery of a large number of smaller planets 
occupying this space. About 222 are now kQown and 
named, and it is quite probable that a still larger number 
may yet remain undetected, on account of their very 
small size, since the largest is only about 228 miles in 
diameter, and they vary in size downwards to 50 miles in 
diameter. Their orbits are all very elliptical, and the 
plane of their motions is inclined in some cases as much 
as 34^ to that of the ecliptic, while in others it is almost 
in the same plane. 

Nothing is known respecting their rotation on their 
axis, but Herschel observed that, from the great variation 
in brightness which they someftimes exhibit, it almost 
seems as if they presented flattened surfaces, and thei«- 
fore partake of the nature of angular fragments rather 
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than globes : as if they formed portions of a larger planet, 
which at some time or other had been broken up ; and it 
appears quite impossible, from the wide area over which 
they are scattered, and the inter-crossing of the lines of 
their orbits, that they should not be in some way related 
to each other. 

76. JupUer is the largest planet in the solar system, 
possessing an equatorial diameter of 85,390 miles, so 
that it exceeds t]ie earth in volume nearly 1,400 times. 
It revolves at a mean distance of 475,693,000 miles from 
the sun, and is accompanied by four moons, or satellites^ 
which revolve round it in orbits very nearly coincident 




' Figr* 4.— Jnpiter ^nd it« Hoons. 

with the plane of the equator, so that they frequently 
pass over the sui*face of the planet, when they appear as 
black spots on the luminous disc, or else are eclipsed 
behind the body of the planet. Fig. 4 gives a good re- 
presentation of Jupiter and its moons, as seen through a 
telescope. 

The rotation of Jupiter on its axis is very rapid, being 
only 9 hours, 55 minutes, 28 seconds, so that the day is 
less than half the terrestrial day; and as the axis of 
rotation is very slightly inclined to the plane of the orbit, 
the length of the day during the small variation in the 
seasons is almost the same on all parts of the surface. 
The same cause renders the climate nearly the same 
all the year round, except just at the poles, where the day 
and night are six years each in dumtion. The length 
of the year is 4,332 days, 14 hours, 2 minutes. When 
viewed with a large telescope, the flattening oi tVife ^<c^^ 
a 2 
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at the poles, aviaing from the rapidity of rotation, which 
causes the globe to assume the spheroidal form — the same 
OB the shape of tlie earth — is distinctly seen, and tho 
appearance of the equatorial regions, with their cloudy 
strata, can also be distinguished. It is quite possible 
that the dense ste&my atmosphere by which Jnpiter ia 
Kurrounded masks the actual size of the planet, and that 
if the dimensions of the soUd globe were actually known, 




it would modify our preseut idea of its deitsity, which we 
regard as less than oiie-quai'ter of that of our own earth. 
77- ^udirit is one of tht; most glorious objects which 
can be seen by the telescope, and occupies a unique 
position amongst the memliers of the solar system. It 
revolves iu an orbit at a mean distance of 872,135,000 
miles from the sun, and the axia of rotation is inclined at 
an angle of 26° 5'X to the plane of revolution, so that, 
unlike Jupiter, it possesses seasona It has a mean 
diameter of 71,904 miles, and therefore exceeds the 
volume of the earth above 746 times. It is tlie lightest 
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body in the solar system, being only^^tbs of the density 
of the earth, and is, therefore, lighter than cork. It 
rotates on its axis once in 10 hours, 29 minutes, 17 
•seconds, and is attended by eight moons, which revolve in 
orbits which are very nearly coincident with the plane of 
the planet's equator, so that they are sometimes seen to 
move along the apparent edge of the rings, like golden 
beads on a silver thread. The rings are, however, the 
most wonderful appendages of Saturn, and probably con- 
sist of a vast doud of very small moons, or satellites, 
which lie close together, and revolve round the planet in 
an (Mrbit which is in the same plane as the equator. Fig. 
5 gives a good idea of these wonderful bodies when seen 
throu^ a good telescope. The comparative size of the 
earth is also seen at e. When viewed from the earth, 
the rings are continually changing their position with 
r^^ard to the body of the planet, so that sometimes 
they are exhibited at one angle and then at another, 
and even in one position are so foreshortened that 
they only present the appearance of an exceedingly 
attenuated luminous line. With the most powei^ul 
telescopes they are found to consist of numerous con- 
ce^d^rings of different degrees of density and luminosity, 
and there seem to be indications that they are slowly 
concentrating towards the planet, and may possibly 
ultimately £dl into the planetary surface, or become a 
satellite, if the continuity of the ring is broken from any 
cause. They form a splendid spectacle when seen from 
the earth, but it must be much more magnificent when 
seen from the body of Saturn, when these luminous rings 
will arch the sky during certain seasons with inconceiv- 
able grandeur. The year in Saturn is upwards of 
10,759 days long. 

78. ^rani/« revolves round the sun at a mean distance 
of 1,752,851,000 miles, and requires no less than 
30,686 days, 17 hours, 21 minutes to perform one revo- 
lution. The inclination of the planeVs equator to the 
plane of its orbit is very great, being IQQ'^ ^^' *, «sA S^» 
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is attended bj at least four moons, which have this 
peculiaiitj : that they moTe in a retrograde direo- 
iion, that is, opposite to that of all the other mem- 
bers of the soli^ system; bat this anomaly probably 
arises from the very great inclination of their orbite 
to the plane of the ecliptic. The length of the day is 
unknown. 

79. Neptune, which forms the outlying planet of the 
solar system, so Cbut as is at present known, is situated at 
a mean distance of 2,746,271,000 miles from the sun, 
and is attended by one, or possibly more, moons, but the 
distance is so vast that our present telescopic power can 
reveal very little respecting thenL Tlieir motion is in a 
plane of great obliquity to the ecliptic, and possibly retro- 
grade, like that of the moons of Uranus. The discovery of 
this planet was due to the i^t that it exercised a disturb- 
ing influence upon Uranus, and its exact position, alUiough 
unknown, was calculated by the two celebrated astrono- 
mers. Professor Adams and M. Leverrier, quite indepen- 
dently of each other. The record of this discovery is 
one of the most astonishing chapters in the history of 
astronomy, and affords a stnking proof of the correctness 
of the theory of universal gravitation. 



CHAPTER IV. 

COMETS AND METEORITES. 

80. Appeararice of Comets. — Planets and their atten- 
dant moons, and even the brilliant rings d Saturn, are 
not the only members and features of the solar system. 
All these bodies revolve in elliptical orbits round the sun 
and round their primary planets in one direction, which 
iff from west to east, wiUi the exceptions we have already 
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1, and tliey all derive Uieir lummoeity from the 
;ted light which emsaat«s from the great ceotral 

of the system, the buil SometimeB, however, a new 

of visitants appears in the heavens, some of which 
indoabtedly , members of the system, bnt which do 
Follow these general laws. The; have received the 
) of Comets, from 
streaming hair-like 
urance of the Inmi- 

tails by which they 

usually attended, 
lUgh, as we shall 
wards see, this ap- 
a^ is not always 
mt; The comet, 
iver, usually con- 
td a bright portion, 
tad, which may be 
lared to a star sur- 
ded by a luminous 

or mist, utd some- 
s containing a very 
it centre, which is 
dthenuc^^iM. From 

head, and in a 
rary direction to 
Bun, there usually 
jna a long luminoas 

which widens out 
b recedes from the head, and generally is curved 

the blade of a scimitar. Fig. 6 represents the 
arance of the head of the great comet of 1881, 
;en at midnight on the 27th of June. In this 

the head was found to eonsist of a series of 
Hitric luminous envelo|)ea, which were turned back 

the arc-shaped centre, and seemed as though they 

driven rearward by the velocity of motion, which in 
t cases at the perihdiou has exceeded 1,QQQ,Q^ i££&» 




[Ts'"^'-'. 



nctoreof Comet. 



Sirs 
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per hour. In the case of Donating comet in 1858, the tail 
exceeded 30,000,000 miles in length. 

81. Orbits of Comets, — ^The orbits of comets are far 
more elliptical than those of any of the planets, and in 
some cases are parabolic curves, which indicate that they 
are not members of the solar system, so far as we know, 
because they probably never return, and we cannot say 
from whence they come. Comets with elliptical orbits 
return at definite times, although the period varies very 
much in different instances. About nine of them have 
been observed to return more than once in periods vary 
ing from 3^ to about 77 years, while there are several 
which are termed long period comets, to distinguish them 
from thiese s?iort period comets, whose time of return 
varies from 2,000 to 10,000 years. These comets follow 
the same laws as planets in their motion, by moving with 
the greatest rapidity when nearest to the sun, and slowest 
when farthest away. Indeed, when at their aphelion 
point, they must all but stand still, and probably shrink 
in dimensions when so £ur removed from the sun, since 
some c^ them pass f&v beyond the orbit of Neptune. As 
they approach the sun the rapidity of motion increases, 
and the activity and luminosity of the nucleus also be- 
come greater, as is evidenced by the appearance of new 
luminous jets and increased length of tail : and some 
of them pass so close into the solar blaze of light that they 
almost touch the surface of the sun, and must be raised 
to a temperature which far exceeds anything of which 
we have any conception. The comet of 1843 was visible 
in broad daylight when nearest the sun, and the comet 
of 1680, when in the same position, developed a tail 
20,000,000 leagues long in two days. The inclination of 
the orbits of comets is at all angles to the plane of the 
ecliptic, so that while some of them seem to come in side- 
ways, and cross the orbits of the planets in their course 
towards the sun, others seem to drop down from the 
zenith towards the sun, or come up from beneath the 
plane of the ecliptic, or in any intermediate position. 



-PHYSICAL 8GIKNC1S. 89 

82. Mom of Comets. — The absolute quantity of mat- 
ter contained in the largest comet is only small, as 
evinced by the effect produced upon them by other 
members of the system. In 1776 a comet passed amongst 
the moons of Jupiter, and although they were not dis- 
turbed in any way, the orbit of the comet was entirely 
changed, so that any fear of danger from collision with 
these bodies and the earth may be entirely dismissed. In 
the case of comets without nucleus, they, probably, con- 
sist of a mass of flaming vapour, probably (from recent 
spectrum observations) some compound of carbon, which 
is held together by the mutual gravitation of its parts, 
and is only slightly acted upon by the medium which 
exists in inter-planetary spaces. The theory, indeed, of a 
resisting medium in space is based entirely upon the 
retardation which has been observed in the case of Encke's 
comet, which performs its revolution in less time than 
formerly ; and although we cannot detect its effect upon 
the planets, on account of their enormously greater mass, 
still the action is present, and will, in the course of long 
ages, retard their motion also, and cause their path to be 
a spiral, the termination of which is the sun. 

83. Meteors. — In addition to planets and comets, 
there is yet another class of bodies which are now known 
to be members of the system. These are immense num- 
bers of very small bodies, which vary in size from almost 
impalpable dust up to many tons' weight. They revolve 
in very elongated elliptical orbits, some of which cross 
the path of the earth's motion in space. They are quite 
invisible by even the most powerful telescopes, but when 
this meteor stream comes in contact with the earth's 
atmosphere, the motion of these small bodies is retarded 
by the friction of the air, and they are raised to incandes- 
cence, and thus become visible as luminous meteors. 
Sometimes these small bodies are found on the surface of 
the earth, and have even been picked up when still in a hot 
condition, but, probably, by far the largest number are 
dissipated into vapour by the heat. In cetVAAxi ^^^c^«^\<(s*Ck& 
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of the earth's orbit these meteoric displays are' more 
numerous than at other times; and it has been dis- 
covered that one t)f these positions, which is reached by 
the earth in November, is always distinguished by an 
unusual number of these meteors during years which 
agree with the period of return of Biela's comet. Th^ 
also appear always to emanisite from a point in the heavens 
near to the constellation Andromeda, which is the point 
which corresponds with the position from whidi the 
comet approaches the sun, and they are sometimes tlieie- 
fore called Andromedes; but there are also other p<nnts 
from which, at different seasons, they appear to radiate, 
so that in the course of its orbit round the sun the earth 
probably encounters several meteor streams, or'onMneB 
the orbit in which they move, and as they are not equally 
distributed throughout the orbit, larger numbers are en- 
countered at one time than another. It seems Tety 
probable, indeed, that all these meteor streams tOBSf •opr' 
respond with the orbit of some comet, since this has been 
verified in several other cases besides that of Blela's 
comet This discovery is one of the most remarkable 
that has been made in recent years, and may possiUj, at 
some future time, throw new light on the nature and 
constitution of comets. 



CHAPTER V. 

THE SUN AS A GRAVITATING CENTRE. 

84. Size of the Sun. — ^The sun far exceeds all the other 
members of the system by which it is surrounded in its 
immense size and weight, the enormous mass of which 
bends all the planets into their orbits, and at the same 
time illuminates and warms them with its light and heat 



PttYUtOAL BOIHNOB. 91 

So great, i&deed, is the preponderating maas of the aun 
over that of all the other members of the sTst^m, when 
taken collectively, that even if they were all arranged on 
one side of the BUn, and acting at their respective dis- 
tances, the centre of gravity of the whole system would 
fall wiUiiiL the diameter of the Btm. This diameter is 




Fig, 7.— BeUUva 8iM ot tiie Bod and Eartb. 



about 863,380 miles, so that the volume of the sun 
is 1,200,000 times that of Hie earth ; but as the specific 
gravity, or relation between its volume and mass, is less 
than ttiat of the earth, being only one-quarter aa dense, it 
tmly ezceeda the earth 300,000 times in weight. 

Some idea of the comparative size of the sun aad 
esirth may be obtained by reference to Fig. 7, where we 
have the aize of the sun represented at s, and the earth 
by the small point at k. 
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85. Distance of the Sun. — ^The distance of the son is too 
gi*eat to be determined accurately, like that of the moon, 
by observation of the angle which the centre subtends 
with two different positions on the earth's surface, but it 
has been approximately ascertained by means of the 
observations made on the opj)08ition of Manra and the 
transit of Venus. The observations on the planet Mars 
enable us, by measurements at the same station, when 
taken as the planet rises and sets, to determine the angle 
which the planet subtends with the same position when 
seen at the distance of the earth's diameter, and with 
this length as a base-line, we can calculate, by plane 
trigonometry, what must be the distance between the 
planet and the earth, just as we have ali-eady seen we 
can determine the distance of the moon. Since we know 
the relative distances of the various members of the solar 
system, we can, when one distance is accurately known, 
determine all the rest. Mars, however, never approaches 
the earth as near as the planet Yenus, and hence the 
latter is the better planet to use for determining the dis- 
tance between it and the earth, because, being nearest, 
the angle subtended is larger. When Venus is nearer 
the earth, however, it has the dark side of the planet 
turned towards the observer, because the orbit lies within 
the orbit of the earth ; and it is only under the following 
circumstances that the observations necessary for deter- 
mining the distance can be made. The planet, in con- 
junction with the sun, must be in one of its nodes, so as 
to pass, not over or under, but across the solar disc, 
appearing as a dark spot on the solar surface. Fig. 8 will 
make the method used more distinct than any description. 
If we have two observers at A and B on opposite sides of 
the earth, the dark body of Yenus will be seen to cross 
over the face of the sun in two different positions, the 
observer at A seeing it pass along the line c D, and the one 
at B along the line e f ; and since the sun has a circular disc, 
the two lines will not be of equal length, and as the planet 
will move with the same velocity, as seen from the two 
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stations, the difference in time taken to cross the sun will 
give us the position of the two chords e f and c d. If 
the distance A v, which is the distance from the earth to 
Venus, were equal to the distance v H, or of Venus from 
the sun, then o h would be equal to A b, which is the 
diameter of the earth ; but we know that these two dis- 
tances are not equal, but that, in round numbers, a v is 




Fig. 8. — Diagram illustriatiiig the Transit of Yeuus. 



to y H as 28 to 72, and that the separation of these 
chords will bear the same propoi'tionate relation to the 
diameter of the earth ; and if we take the stations not 
too &kr from the poles of the earth, this se}»aration will 
amount to 18,000 miles. When we know, therefore, the 
exact position which these chords occupy on the disc of 
the sun, we can measure the exact proportion which the 
line o H bears to the whole diameter of the sun, and this 
will give us the solar diameter in miles, and its distance 
will at once follow, because we can then calculate the 
exact angle the earth's semi- diameter would subtend 
at the same distance, and by plane trigonometry deter- 
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mine what is the exact length of the straight lin^ between 
the centre of the earth and sun. This angle is not yet 
accurately determined, and the various methods which 
have been employed, including the observations made 
during the transit of Venus in 1874, seem to place the 
mean distance of the sun from the earth between 
91,430,000 and 93,300,000, so that the figures given in 
our various astronomical tables and works must be con- 
sidered as only approximate, and waiting confirmation 
or otherwise from the transit of Venus in 1882. 

In actual practice, the distance of the sun and the 
chords of the arc cut off by the transit of Venus over 
its surface are not so easily obtained as above, because 
the question is complicated by the fact that both the 
earth and Venus are in motion, and not quite in the 
same plane, and the stations whei*e observation can be 
made are not always in those positions which are best 
adaj)ted for the purpose. 

86. Nature of the Sun, — When viewed from the earth, 
the sun appears as a magnificent orb of glowing light, 
which, when above the horizon, causes all the other 
heavenly bodies to disapiiear in the luminous blaze of 
glory. It forms the gi-eat source of both light and heat 
to all the members of the system. From observations 
and comparisons made at the surface of the earth, it has 
been calculated that the intensity of sunlight at the solar 
sui-face is 190,000 times greater than that of a candle, 
146 times that of the oxy-hydrogen light, and 3^ times 
that of the most brilliant electric arc which can be pro- 
duced. The heat which is given out by the sun exceeds 
all the powers of the mind to conceive. If employed to 
boil water, the whole heat given out in an hour would 
evaporate 700,000,000,000 cubic miles of ice cold water, 
and be equal to the heat generated by the combustion of 
a solid layer of coal ten feet thick over the whole solar 
surfaxie, or to a combustion of 16,436,000,000,000,000 of 
tons of anthracite coal per second. The earth only re- 
ceives about s.TUJf.^iru mn^^^ ^^ ^® total radiation, but this 
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is the cause of the whole of the phenomenal activity on 
the snr&ce of the earth ; and if this were removed, a very 
short period would suffice to reduce the earth to a barren 
wilderness, devoid of life, and freeze the ocean to a solid 
blo(^ of ice. The surface of the sun appears to be com- 
posed of a glowing mass of incandescent gaa, which is in 
constant moti(m, uid amidst which incessant precipitation 
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of more solid matter is taking place j and when an eclipiio 
of the BUn occurs, and the moon covers the disc of the 
sun, we can see the flaming gases like vast tongues of 
luminona fire stretching far out into eptice, while the 
whole region round the sun is enveloped in a corona, or 
blaze of radiating light This corona, as seen during an 
eclipse, when the direct solar light is cut off by the dark 
body of the moon, is represented in Fig. 9. The whole 
sur&ce of the sun, however, is not equally bright, and in 
the equatorial regions, and for some distance on either 
side, there are frequent appearances of dark »poU, which 
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exiiibit different phAses as they are presented to (be 
oksksrver by the rotution of the sun on its ajua in tram 
25 to 28 A&ja. These spots appear to be rortioes of gai; 
less liiiuinouii than the general sni-face of the jAototphere, 
which is the term used to denote the brightest p«rt,whid 




is like a cloudy atmosphere, only, unlike our earthly clondi, 
which are water vapour, these solar clouds are probably 
ooniposed of precipitated metallic Ta)x>ur, Fig. 10 repn- 
gents the disc of the sun, as aeea through the teleeoope, 
with a. number of these spots risible on the surface ; wlule 
the variation in brightness of the pliotosphere is repre- 
sented by the mottled appearance over the whole area. 
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When the spots are Been through a very powerful 
iieleacope, the appearance is really wonderful. The whole 
r^on round seeme to be in a state of the most violent 
igitation, and the luminous portions of the photosphere 
isnune the most singular aspect, as though driven into 




Uagnifiad Tlaw of Son-Spot. 



rost cyclonee of flaming gas. Fig. 1 1 is engraved from 
in accurate drawing of a v?ry large spot The number 
[if these spots, and their size also, differ very much at 
different periods, and their recurrence appears in some 
way to be connected with the action of the planets upon 
the solar photosphere, snd also seems connected with the 
magnetic phenomena which are exhibited at the surface 
of the earth in the aurora borealis and earth currents. 
The application of spectrum analysis has conclusively 
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shown the existence o^ at any rate, fourteen different 
metallic bodies in the atmosphere of the sun which occur 
on the earth, such as sodium, iron, magnesium, copper, 
zinc; and a number of others also probably exist, in- 
cluding such gases as oxygen and hydrogen. 

87. Cause of Solar Heat and LighL — Many theories 
have been propounded to account for these phenomena, 
and probably none of them are altogether correct. That 
the source of the heat and light is not combustion, like 
that of coal or ordinary gas when burnt along with 
oxygen, is quite certain, because oTen if the sun were a 
mass of fuel as combustible as coal, it would be entirely 
consumed in about 5,000 years. The intensity of grayi- 
tation at the surface of the sun, which would impart a 
final velocity to a falling body of from 270 to 390 miles 
per second, depending on the direction of its motion, 
would cause any substance falling from space into the 
sun to generate a quantity of heat equal to from 4,000 
to 9,000 times the same weight of coal ; and hence it has 
been supposed that the fiEdl of meteorites, of which the 
zodiacal light may be the evidence of a ring surrounding 
the sun, would keep up the supply of energy. The most 
probable cause, however, seems to be the slow concentra- 
tion of the whole mass of the sun upon its centre, and 
this alone, without any accessory causes, would suffice to 
keep up the solar radiation by the production of sufficient 
heat, and yet within any period of human history reveal 
no diminution in diameter which could be detected by 
any means at our command. We shall afterwards see 
that there is good reason to suppose tiiat this slow con- 
centration is actually taking place, although the radiation 
may be assisted bv the fall of various bodies into the sun^ 
a fate which, in the long course of ages, will probal^y 
befall all the members of the solar system. 
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CHAPTER VL 

THE STABS AND NEBULA 

88. The Starry Heavens. — The solar system only forms 
a small part of the visible universe. Far beyond the 
limits of the orbit of the most distant member of this 
system lie the vast depths of inter-stellar space, into which 
we look when the setting of the sun permits us to see 
the numerous other luminous bodies by which they are 
tenanted. Taking the sun as the type of one of these 
siarSf we suppose them to be self-luminous bodies, like the 
sun, and ditiTering in size and brightness, not only on 
account of probable variations in their real size, but also 
on account of the different distances at which they are 
situated in regard to the earth ; and although this distance 
is far too great to enable us to ascertain whether they are 
each attended, like our own sun, by a retinue of planets, 
still, ^analogy points to this as a reasonable supposition. 
It also seems to indicate that our sun is only one of the 
smaller stars ; and if we were removed into the far distant 
regions of space, it would, when seen from such a distance, 
dwindle into one of the lesser stars, both in intrinsic 
splendour and magnitude. 

89. Motion of tlis Heavens, — ^In consequence of the 
rotation of the earth upon its axis, the whole of the 
heavens, with all the multitude of stars, are successively 
brought within the field of view of observers situated on 
different parts of the earth's surfaca Those stars which 
lie in the direction of the poles, about which the earth 
turns, appear to have the least motion, and in the exact 
zenith of the poles have none whatever ; while those near 
the equator have the greatest motion, and appear to lise 
and set like the sun, and have a motion from east to west. 
The apparent vault of heaven in which these stars are 
situated we term the celestial sp/iere, ojid. ^^ ^\^^ 
n 2 
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it into polar and equatorial regions, in the same way 
as we divide the saiiaoe of the earth. The great circle 
lying in the same plane as the earth's equator is called 
the equinoctial ; and in a narrow r^on of the celestial 
sphere, on either side of this line, we see the sun and 
various members of the solar system moving and changing 
their ix)6itions with regard to the fixed stars, which form 
the background in the heavens, against which the planets 
are projected, according to the season of the year. The 
position which stars occupy in the celestial vault is 
measured in distance from a fixed point in this equinoctial 
line, just as we indicate places on the surface of the earth 
by distance from the meridian of Greenwich. On the 
celestial sphere we term this distance right (isoenMon, and 
the fixed point is that occupied by the sun at the vernal 
equinox, which is termed the first point of Aries, because 
the constellation of that name occupies the background 
at that time. Right ascension corresponds to terrestrial 
longitude, and is measured in hours, minutes, and seconds, 
east from the first point in Aries, according to the time 
which is required to bring the given star into the meridian 
of the place of observation, just as we measure in degrees 
east of Greenwich on the surface of the eartL Celestial 
latitude is termed declination, and is measured from 
the equatorial or equinoctial line north or south to the 
pola The degree of north or south declination com- 
mences from 0^ at the equinoctial to 90^ at the pole, and 
the declination of a star towards either pole being known, 
and its right ascension from the first point in Aries, we 
can at any time find its position when visible above the 
horizon. 

That portion of the heavens which is visible during 
the night varies with the season of the year, because the 
earth in its revolution round the sun causes successive 
portions of the celestial vault to be presented to the eya 
These various parts of the celestial sphere are called con- 
stellationsy and have received various names based on 
fancied resemblances to terrestrial objects. 
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90. Constellations. — The constellations are divided 
into three groups, according as they lie in the line of the 
apparent path pursued by the sun in its annual round, or 
north or south from this Una The Zodiacal ConstellcUionSj 
which lie in the path of the sun, in the direction of his 
motion, are twelve in number — Aries, Taurus, Gemini, 
Cancer, Leo, Virgo, Libra, Scorpio, Sagittarius, Capri- 
comus, Aquarius, Pisces. 

The Northern ConstelkUions are twenty-five in num- 
ber — ^Ursa Major, Ursa Minor, Draco, Cepheus, Bootes, 
Corona Borealis, Hercules, Lyra, Cygnus, Cassiopeia, 
Perseus, Auriga, Serpentarius, Serpens, Sagitta, Aquila, 
Delphinus, Equuleus, Pegasiis, Andromeda, Triangulum, 
Camelopardaliis, Canes Venatici, Vulpecula et Anser, Cor 
Caroli. 

Th£ Southern Constellations are eighteen in number — 
Cetus, Orion, Eridanus, Lepus, Canis Major, Canis 
Minor, Argo Navis, Hydra, Crater, Corvus, Centaurus, 
Lupus, Aia, Corona Australis, Piscis Australis, Mono- 
ceros, Columba Noachi, Crux Australis. 

The Fixed Stars, which are so called because they 
remain in the same positions in these constellations, are 
named after the constellation in which they are sitiiated, 
with the prefix of a letter in the Greek alphabet, beginning 
with a, which indicates the first in biightness in that 
constellation. Thus a Lyrse denotes Vega, which is the 
brightest star in the constellation Lyra. P Lyrse is the 
second star in brightness, and so on in regular order. 
Sometimes the most brilliant stars have special names, 
such as Vega, just named. Sirius, Procyon, Arcturus, 
Aldebaran, Castor, and Pollux are also well-known 
stars. 

91. Distribution of Stars, — ^The distribution of the 
stars in the vault of heaven is very singular and very 
unequal In some places they seem crowded together in 
clusters, while in others they are very few and far be- 
tween. The largest stars seem specially irregular in their 
distribution, but the smaller ones seem to inQtoAsi^ \s^ 

i 
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number as they approach that portion of the heavens which 
is known as the Milky Way, on account of the immense 
multitude of stars causing the heavens in that region to 
shine with a faint white glow. In the immediate neigh- 
bourhood of this belt upwards of 18,000,000 are visible 
with the most powerful telescopes. In the whole of the 
celestial sphere about 6,000 stars of all magnitudes are 
visible to the naked eye, and as only one-half of this sphere 
is visible at once, we can never, under the most favourable 
circumstances, see more than 3,000 at one time. Some 
astronomers have thought it probable that those stars 
which appear to us the brightest are those which lie 
nearest to the solar system, and that they become more 
faint and dim as they increase in distance; also that 
they are most extended in those parts of the heavens 
where the numbers seem to be greatest, as in the Milky 
Way. 

The portion of the universe to which our own system 
appears to belong seems to be extended in this direction, 
and divided into two principal branches throughout 
nearly its entire length; and the whole of the solar 
system seems to be moving in the direction of the con- 
stellation Hercules, so that the stars in that region are 
becoming farther apart, while those at the opposite side 
of the heavens are closing up and becoming more faiat. 
In consequence of this proper motion, the real form of the 
earth's orbit is not an ellipse, but an immense spiral — 
like a distorted corkscrew which is described in space. 

92. Distance of the Fioced Stars, — ^The distance of the 
nearest fixed stars is so vast that accurate determination 
becomes almost impossible, even when the base-line used 
to determine the horizontal parallax is the diameter of 
the earth's orbit, which is probably not less than 
186,000,000 miles; and, therefore, if the angle subtended 
is less than 1", the star must at least be not less than half 
this quantity multiplied by 206,265, or 19,172,645,000,000 
miles distant. By the use of the micrometer, which en- 
ables the exact position of every star to be determined 
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in relation to the stars by which it is surrounded, it 
has been found that some of the fixed stars do change 
their position with regard to those which lie beyond 
them, when viewed from different parts of the earth's 
orbit ; and in this way the parallax of many of the most 
important stars has been determined, and an approximate 
distance in miles calculated, but in no instance do they 
indicate a greater proximity than the figures already 
given. Many of them are far remote, so distant, indeed, 
that lights which moves with such velocity that it could 
traverse the entire circumference of the globe nearly 
eight times in a single second of time, may have taken 
thousands of years to reach this earth, and they would 
remain visible in the heavens thousands of years after 
their incandescence had ceased to exist. 

93. Mvitiple Stars. — Our own sun appears to be 
isolated in space, or, at least, only surrounded by planets 
which have now ceased to be self-luminous; but there 
exist in the far-distant parts of the universe many in- 
stances where we have the singular spectacle of two, and 
even more, stars or suns, which revolve round each other, 
or round some common centre, in periods which vary 
from a few years to possibly many millions. From the 
motions of some of the visible stars also, there appears to 
be a high probability that there are also existing in space 
stars which have now ceased to be luminous, and only 
reveal their presence by the action which they have upon 
the luminous stars with which they are associated. 

94. Colour of Starrs. — In addition to the different 
physical condition which is manifested by these combina- 
tions of suns, there is also a great variation in the colour 
of the lig^t which is transmitted from the various stars. 
They differ in many important particulars when examined 
by the spectroscope, which seems to indicate that they 
vary in the degree of temperature which is exhibited in 
the photosphere, or luminous surface ; and this method of 
examination has even given strong reasons for supposing 
that many metals and other substances which are present 
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on the earth exist as gas in these for-distant orba. Thfiy 
thus apjiear to have a constitutioQ simitar to that of onr 
own sun. The li^t in many stars also is subject to 
considei'able variation at different timea, which range 
over both long aud short periods. These stars are called 
varKd>le start. 

95. Nebulte. — In addition to the fixed stoia, there is 
another class of bodira which exist in space, to which the 




Fij. 12.— TbeNflbulalnOrioa. 

name Tf^mlte has been applied, because they exhibit not 
a bright distinct light, ee if emitted from an inc^in descent 
solid, but a faint luminous glow, like tliat exhibited by 
an incandescent gas or luminous cloud. These singular 
bodies were originally supposed to be clusters of stars, 
which were situated at such a distance that oar most 
powerful telescopes could not resolve them into in- 
dividual stars ; and in some instances this has proved 
to be the caae. The use of the spectroscope has, however, 
conclusively proved that many of them are really vast 
masses of glowing or incandescent gas, which differ in 
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density in difierant parts ; and there is strong reason to 
snppOBe tliat at any rate one of the gases preoent is 
hydrogen. 

These singular bodies exhibit the most fantastic fovma, 
some being drawn oat into long luminous spirals, while 
others are arranged into ring-shaped or globular masses. 




Kg. IS.— The Bplnl Nebula In Cuiei Tsmitlsl (Meitier, Gl). 



Some are so irregular that no words can describe their 
shape, while others seem to be diffused like a luminous 
mist round a central sun-like disc, in which case they are 
termed nebulcuB atara. Fig. 13 represents the nebula 
in the constellation Orion, and Fig. 13 the large spiral 
nebnla in Canes Yenatici; and these two examples 
will serve to show what a strange form these singular 
bodies assuma The discovery of these bodies has 
proved the existence of a nebulous fluid m «;^u:i%, «si&. 
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given a considerably higher degree of probability to the 
nebular theory of the origin of the present condition of 
the physical universe. 



CHAPTER VIL 

UNIVERSAL GRAVITATION. 

96. The Law of Gravitation, — ^We have already seen that 
all bodies which are situated upon the surface of the 
eai*th are subject to the attraction of the earth, and that 
were the earth a sphere, the whole of its attraction, when 
considered in reference to any body situated outside the 
earth, might be regarded as concentrated at its centre. 
The attraction of all bodies towards the earth will there- 
fore vary as the product of their masses, and inversely as 
the square of the distance from the centre of the earth, so 
that the weight of any body upon the surface of the earth 
is equal to the mass of the earth multiplied into the mass 
of the body, and divided by the square of the radius of the 
earth. The same law holds good for all bodies, whether 
they are near to the earth or far from it in the infinite 
depths of space, and regulates or determines the weight 
of every planet and sun in exactly the same way as the 
smallest body upon the surface of the earth. When 
the laws of Kepler were first announced, they were only 
the empirical laws deduced from actual observation of the 
motions of the planets ; but since the discovery of this 
grand law of universal gravitation, they are known to be 
the necessary result of its action, and the nature of the 
orbits of all the planets and satellites, and of the comets 
and streams of meteorites, are deduced from it with 
unerring accuracy. One peculiar feature of this universal 
law is that the attraction of bodies for each other is 
directly as their masses, quite independent of what the 
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roal nature of the matter may be, so that, in proportion 
to their masses, all bodies are equally attracted, both 
towards masses of the same and of different kinds. In 
this way the attraction of gravitation is entirely different 
from either chemical or magnetic attraction. In con- 
sequence of this umversal law, the whole of the members 
of the solar system are continually re -acting upon each 
other, and these re-actions introduce a series of changes 
and disturbances into the motions of the planets and 
satellites, which have taxed all the resources of mathe- 
matical analysis to determine, but which can always be 
shown to be in strict accordance with the law of gravi- 
tation, and form, indeed, the strongest proof of its 
existence. 

97. Masses of tlie Sun and Planets, — According to the 
law of gravitation, the difference between the mass of any 
two bodies can be ascertained by the attraction which 
they respectively exercise upon any other body, and if 
we can find how far any planet is caused to fall towards 
the sun in a given time, and know the relative distance 
at which it is situated, we can at once determine its 
relative mass in regard to the sun. As a basis for this 
calculation, we have to commence with our knowledge 
of the distance through which any body will fall at the 
surface of the earth during the same time, and fchis we 
have already seen to be 16*1 feet per second. Now we 
know that the distance of the sun from the earth is about 
23,300 times the radius of the earth, and therefore, at 
that distance the earth would only cause a body to fall 
through 16*1 feet divided by the square of this number. 
We can also determine from the distance and form of the 
earth's orbit how far the earth falls towards the sun in 
one second, and taking this distance into account, we 
find that the sun's mass must exceed that of the earth 
324,000 times. In the same way we can determine the 
relative mass of every other planet; and this is made 
additionally easy in those cases where, like the earth, the 
planet is attended by a satellite, because from its motion 
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we can determine how far a body will fall upon the 
surface of the planet in a second of time, and then, from 
observations on the distance the planet in its motion in 
its orbit falls towards the sun, determine their relative 
masses. The actual weights are then easily obtained, 
because, since we know the weight of the earth, we have 
only to multiply this by the relative masses of the other 
bodies, and we obtain them at once. When we know 
the mass of a planet, and the radius or distance from the 
centre to the surface, we can then readily calculate the 
attraction of gravitation at its surface, and how far a 
body would fall there in one second of time. We thus find 
that 1 ton at the surface of the earth would weigh, if 
the weight were determined by a spring balance, about 
27 tons at the surface of the sun, and 24 tons at the 
surface of Jupiter, while at the surface of the moon it 
would not be more than 3^ cwts., and on the surface of 
some of the small asteroids, so light tliat a man could lift 
it with the greatest ease. 

The enormous preponderance of the mass of the sun 
over that of all the planets singly and collectively is 
the real cause of the stability of the solar system, by 
preventing their mutual attractions from introducing 
such variation into their motions as would cause them 
either to come into collision or to change their orbits 
indefinitely. 

98. Perturbations of the Planets, — If we suppose the 
planets to have their relative positions in space at any 
time determined strictly according to the laws of Kepler, 
we shall find that they do not exactly retain these 
calculated positions, when we come to observe them 
closely, over any considerable period of time, but are 
sometimes in advance and sometimes behind them. 
These changes are called periodic variations. To account 
for these variations, it is necessary to suppose that the 
elements of the orbit of the planet, or of the path 
in which it moves, are undergoing a slow and con- 
tinuous change, so that the orbit is sometimes more 
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iUiptical than at other times, and the plane of the 
>ku[iet's motion also more or less inclined to the plane 
ii the ecliptic. Tliese changes are termed secular 
HiruUions. Both these variations are, however, recurrent 
ifter the lapse of time, and are confined within very 
larrow limits, and do not extend to the alteration of 
he periodic time of revolution of any planet, because 
he axis major of the orbit of each planet, or the mean 
[istance from the sun, remains constant ; and upon this 
he periodic time depends. 

Similar changes to those which the planetary orbits 
mdergo are visible in the motion of the moon and 
atellites of the various planets, and are, from the nature 
►f the case, more rapid, and extend over shorter times. 
[Tie moon, however, is too near to the earth to be much 
listurbed by the attraction of the other planets, but it is 
K)wcrfully acted upon by the sun. This attraction varies 
eith its position in its orbit very much, because some- 
imes it is nearer to the sun than at others, both in 
«gard to its revolution round the earth, and to the 
Kxsition of the earth in its orbit at aphelion and 
>mhelion. 

The time of revolution of the moon is greatest when 
n the latter position, and least in the former. The effect 
►f this change in the time of revolution is called the 
innual equation. The effect of the secular variations 
n the eai-th's orbit also gi-adually alters the orbit of the 
noon, and causes it to be larger as the eccentricity 
ncreases ; and as we have already seen that this eccen- 
ricity is at present decreasing, there is also a slow 
lecrease in the moon's periodic time. This change is 
ailed the secular acceleration. The attraction of the sun 
^d moon upon the earth also produces two remarkable 
listurbances, which are called the precession of tlis 
quinoxes and mUation of Hie pole, or axis of rotation. 
niese really arise from the fact that the earth, rotating 
ipon its axis, is not a perfect sphere, but bulged out at 
he equator ; and as the pole is inclined to the plane of 
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the ecliptic, the line of attraction of the son is not 
towards the centre of the earth, because the mass at the 
equator, on the side nearest the sun, is more powerfully 
attracted tlian that farthest away, and this, coupled with 
a similar and greater attraction of the moon, and the 
rotation of the eai-th on its axis, produces a rotation of 
the pole round a central line, and a forward movement 
of the ]X)sition in the orbit of the earth at which the 
equinoctial point is reached. 

99. Cause of Gravitation, — ^The universal action of 
gravitation has caused many speculations as to what can 
be tlie real nature of the force, and the mechanical or 
other cause upon which it depends The discovery of 
the existence of a medium in space, which is, when dis- 
turbed into vibrations, the mechanical cause of light and 
radiant lieat, has suggested the possibility of a connection 
between this medium and the action of gravitation ; bat 
all the results of mathematical analysis reveal the &tct 
that tlie transmission of gravitation is instantaneous, 
whatever may be its caiise, while luminous vibrations, or, 
indeed, ethereal disturbances of any kind, are not so. 
The only theory wliich seems at any rate to satisfy the 
I'equirements of the case is that of Lesage, who supposes 
it to dej>end upon the existence of an infinite number of 
small atoms, or molecules, like those of a gas, only in- 
finitely smaller, and which are in motion with enormous 
velocity in inter-stellar space, and which impinge upon all 
more dense matter with a velocity which causes pressure, 
like that of a gas ujiou the walls of the containing vessel. 
When two bodies are near to each other, they each 
shield the otlier fix>m this battering action on the sides 
nearest each otlier, so that there is an excess of pressure 
on the outsidos, which tends to force them together, and 
tlii^ action will Iks as Uie immerse square of the distance. 
Tlie liy}K>tliesi8, however, requires that all matter must 
be, to a large extent^ inter-penetrated by these inter- 
stellar molecules, and a larger number i>ass through than 
are retiinled, or else the attraction would not be as tlie 
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•roduct of the masa Ingenious as this theory un- 
oubtedly is, it can only be said to be a supposition until 
ur knowledge of the nature of the medium existing in 
paoe^ and inter-penetrating all matter^ is much more 
dvanced than at the present time. 

100. Nebvlcfff Theory, — ^In our examination of the 
olar system we have found that the orbits of the planets 
re nearly all circular in form^ and that the planes in 
rhich they lie are almost coincident with the plane of 
he ecliptic; also, that the dii*ection of revolution of 
he planets in their orbits and rotation on their axis is 
he same ; and that the various satellites move round 
heir primaries also in this direction^ with the exception 
f those of Uranus, and possibly Neptune. The times 
f revolution round the sun also increase in those planets 
rhich lie farthest from it, and the same law holds good in 
^;ard to the moons of those planets, which are attended 
y more than one ; while the time of rotation on its axis^ 
a the case of the sun^ is less than the time of revolution of 
ny planet round the sun. The law of gravitation, which 
pgnlates the distances and motions of the planets in 
heir orbits, does not^ however, account for these facts ; 
'ut they are so distinctive in their character that they 
Ave long suggested to astronomers that they must have 

common cause, and thus, probably^ a common origin, 
nd that the present condition of things may be the 
esult of the operation of the present known laws uix)n a 
ifferent condition of matter in the far past ages of the 
xistence of the universe. 

We have already seen that there exists in si)ace vast 
lasses of nebulous or gaseous matter in a state of in- 
andescence, and that in many of these singular nebulae 
bere appears every probability that they are undergoing 

slow process of condensation towards a centre, or 
entres; and a close inspection of these various degrees 
f condensation seems to reveal every stage^ from that 
f tiie diffused luminous gas to that of a nebulous star. 
lie hypothesis has, therefore, been sa^g^ie^/^ WjaS^ ^ 
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some remote period of time the whole of the matter which 
now forms the solar system existed as a luminous or 
nebulous cloud, like those which are seen now in ex- 
istence in distant parts of the universe, the dimensions 
of which extended far beyond the bounds of the orbit of 
Neptune ; and that, from some cause or other, this nebu- 
lous mass was in a condition of slow rotation round its 
centre of gravity. 

The unrequited radiation of the heat of this nebulous 
mass would, in the course of ages, undoubtedly result in 
a slow concentration of the mass towards its centre of 
gravity, and as the velocity of rotation of the molecules 
at the exterior of the mass would remain constant during 
the progress of the concentration, a time would undoubtedly 
come when, in consequence of the increased velocity of 
rotation^ arising from the approximation of the molecules 
towards the centre of rotation, the force of gravity of a 
l)article at the equator would be overcome by the centri- 
fugal force generated by the velocity of rotation, and hence 
flat rings, or belts of nebulous matter, would be left behind, 
as the mass slowly concentrated. These belts would be 
formed in the plane of the equator of the nebulous globe, 
just as we see them at present exhibited in the Satumian 
system. In these rings, or belts, the most rare portions, 
and those parts moving with the greatest velocity, would 
lie on the outside, and the more dense parts on the 
inside. If the cooling were perfectly uniform in every 
part, these various parts would ultimately tend to con- 
solidate into a solid ring, providing their continuity was 
maintained ; but if from any cause the continuity were 
broken, then the ring would break up either into de- 
tached masses^ or concentrate from the two ends laterally 
into one mass, which, from the unequal velocity of its 
exterior and interior parts, would have a rotation on its 
axis, and that in the same direction as the rotation of the 
ring round the common centre. 

A globe of nebulous matter would thus be formed 
rotating round the original nebulous mass, and separated 
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by an interval of space from its outer limit This would 
form the substance of the future planet; and as this 
mass also slowly concentrated^ we should have smaller 
rings thrown off, which would ultimately form the sub- 
stance of satellites. In the case of Saturn, we have, 
probably, a condition of things similar to that which 
existed in the earlier history of all the outer members of 
the solar system ; and the tendency to produce rings or 
moons would be greatest in the planets which were 
thrown off first from the nebulous mass, because the 
velocity of their particles would have the greatest differ- 
ences, and the quantity of matter contained in them be 
also greatest. On this hypothesis the formation of the 
various planets was not simultaneous, but successive, the 
oldest being those farthest from the sun, and the satel- 
lites, in like manner, older than the planets as they 
appear at the present time. The time of rotation of the 
sun^ or of any planet, must also be less than that of 
any body which circulates round them ; and these facts, 
with few exceptions, agree with observation. If we 
could exactly deduce from the known rotation of the sun 
at present the relation between the radius-vector of its 
surface and the time of its rotation during the various 
stages of concentration which it underwent at the time 
when the planets were thrown off, the thiixi law of 
Kepler would no longer be only a result of observation, 
but a legitimate deduction from the primordial laws of 
the universe. The sun itself is the still concentrating 
remains of the original nebulous mass, and whatever 
difficulties may be, and undoubtedly are, presented by 
the existence of comets and meteors, with retrograde 
motions and enormously inclined planes of orbif', the 
unity which this theory imparts to the composition and 
relations of the members of the solar system gives it the 
first claim to be considered as a highly probable event. 
More than this, the exact agreement between most of the 
observed {^lenomaia and the requirements which are 
demanded by the mathematical and physical elements of 
I 
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this theory, stamp it as one of the most remarkable 
results of human ingenuity, and unite the conditions 
which probably existed before the formation of the solar 
system began with those which are at present visible in 
the glowing suns which exist in space, and the nebulse 
which stud the far-distant regions of immensity, at untold 
millions of leagues beyond the bounds of our stellar 
universe. 
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CONDITIONS OF MATTER-MATTER IN RELATION 

TO FORCE. 



CHAPTER L 

SOLIDS, INCLUDING GENEBAL PRINCIPLES OF MECHANICS. 

101. States of Matter, — Matter exists upon the surface 
of the earth — and, indeed, within the bounds of the 
physical universe — in one of three different states : viz., 
solid, liquid, or gaseous. The existence of these three 
different states of matter depends upon the relation 
between the molecular attractions and repulsions within 
the body, and for one and the same body these relations 
vary with the temperature; so that many substances, 
such as water, are known to exist under ordinary cir- 
cumstances in all these different states. The pressure to 
which molecules are subjected has also a large share in 
the determination of the state which the matter will 
assume under different conditions. Whatever may be 
the nature of the sub-stratum of that which appeals to 
our senses as matter in any condition, whether it con- 
sists of hard ultimate atoms, or vortex motions of the 
substance of an ethereal medium, there is no doubt that 
matter is composed of discontinuous parts, separated 
from each other by an interval which is large when com- 
pared with the central nucleus, termed the molecule, and 
which is itself capable of further division into still smaller 
nuclei, termed atoms, with intervening spaces. The attrac- 
tion of these atoms for each other seems quite independent 
of the absolute temperature of the mat^^x^ «xA\£k&T«dSK^ 
I 2 
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as the distance between the atoms grows less. This 
attraction, if not counteracted by any other force, would 
bring the atoms and molecules into absolute contaict, and 
we should then have a manifestation of something which 
would probably be quite distinct from any of the states 
of matter at present known, and which we may term the 
uUrorSolid statCy where the matter would have no tempera- 
ture whatever, and the motion of the molecules would 
entirely cease. In the state of solid matter, as we 
usually know it — so called in contradistinction to liquids 
and gases — we have this force of attraction balaiiced 
by the movement of the molecules amongst themselves, 
a movement which becomes greater or less as the 
absolute temperature rises or falls. In this state, how- 
ever, the molecules do not travel from one part of the 
body to another, but possess a certain amount of ad- 
hesion, and retain fixity of position about the centres 
of oscillation. When the oscillation becomes so great 
that the fixity of position of the centres of oscillation is 
destroyed, then the matter changes its state, and becomes 
either liquid or gas. Under ordinary conditions, there- 
fore, we may consider the nature of a solid body to be 
such that it has no motion of its parts which can be 
detected by the senses, and can therefore transmit the 
mechanical forces — such as pushes, pulls, pressures, or 
strains — to every part of the body, or to any other body 
in rigid connection with it. 

102. A Rigid Body, — It is true that no solid body 
possesses this power to receive and transmit force without 
loss, because, as we have already seen, even those bodies 
which possess the property of solidity in the highest 
degree are flexible and elastic to a certain extent, and 
change their form more or less when subjected to pressure 
or strain, but in all the fundamental problems which are 
presented by the relations of solid bodies to force, these 
departures from the theoretical nature of a solid are 
ignoi-ed, and the body is assumed to possess absolute 
rigidity or fixity of parts when subjected to the action 
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of even an infinite force. The same assumption also 
applies to the part of the solid at which we suppose the 
force or forces acting upon it to operate. A force even 
of finite magnitude, if applied to a point, would inevitably 
fracture the body, because it is composed of discontinuous 
parts ; but for the purposes of all statical and dynamical 
problems, we assume that the body can neither be 
fractured nor bent by the action of the force upon any 
point, however intense the force may be. 

103. Equilibrium, — Whenever a solid body, which is 
free to move, is acted upon by two or more forces which 
do not move it, then the body is spoken of as in a state 
of equ/Uibriunij and the forces are said to bcUance or 
equilibrate each other. The investigation of the condi- 
tions under which forces act upon solid matter, whether 
motion is produced or not, constitutes the science of 
Stereo-Dyrumhica, The department of mechanical phi- 
losophy, which treats of the conditions under which solid 
bodies remain at rest when under the action of force, is 
termed Statics, and investigates the laws of the balancing 
of forces. The department which treats of the move- 
ments of solids when imder the action of forces which 
are not equilibrated, and of the laws which govern them, 
is called Kinetics. 

104. Conditions of EquUibritmu — Whenever a solid 
body is under the action of forces which do not produce 
motion, the following conditions must be fulfilled. (1) 
The line of action along which the two or more forces or 
their resultant act must be one and the same ; (2) the 
forces or their resultant must act along this common line 
in opposite directions ; and (3) the forces, or the resultant 
of the forces, must be equal in magnitude and intensity, 
and they may be considered to act at any position along 
this common line of action. Upon this last condition 
depends the transmissibility o/force, 

105. Action of Two Forces, — If two forces act upon 
the same rigid body, in lines which form an angle with 
each other, so that they meet at a poii\t,t\i^^ \!Ck».^\^\:^^x^ 
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Fig. 14.— Parallelogrun of 
Foroet. 



sented by two lines which meet at a point whose different 

lengths shall respectively represent the magnitude of the 

two forces. If a parallelogram be 
constructed on these lines, then the 
diagonal drawn from the point at 
which they meet to the opposite 
comer will represent the magnitude 
and direction of a force which will 
balance the two forces, so that the 
rigid body, at the point, will be in 
equilibrium. Thus, in Pig. 14, if A 
and B c, be two lines meeting at the 
point c, and representing two forces 
in magnitude and direction, and the 

parallelogram A D B c be completed, then the diagonal 

c D will represent in magnitude and direction another 

force, which will balance or equilibrate the two original 

forces. This is called the paraJr 

Ulogram of forces. If the forces A c 

and B c meeting at the point c were 

acting in the opposite direction, as 

shown in Fig. 15, then equilibrium 

would be produced by a force equal 

to c D, but acting in the direction of 

c E, so that the line c e drawn oppo- 
site to D c, and such that d o is 

equal to c E, will represent the 

force, and thus the parallelogram of 

forces will hold equally good. We 

have a familiar instance of the 

equilibrium of three forces acting 

at a point, and illustrating the 

parallelogram of forces, when we 

suspend two different weights over 

pulleys, and balance them by a third 

weight, as in Fig. 16, where we have two weights of 9 

pounds and 6 pounds respectively balanced by one weight 

of 12 pounds, and the sides b d, c D, and the diagonal A D, 




Fig. 15.— Parallelogram 
of Forces. 
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measure respectively 9, 6, and 12 units. The conditions 
of equilibrium of two forces, therefore, acting at a point, 
not in the same straight line, are equivalent to the action 
of three forces, one of which is the resultant of the two 
forces, and they may be re- 
presented by the three sides 
of a triangle taken one way 
round. 

If the two forces acting 
upon a rigid body do not 
meet at a point, but are 
parallel to each other, they ^^ 
may be balanced by a parallel fO 
force acting upon the same 
body, but in an opposite 
direction. Thus in 'Fig. 17, 
let A B and d e be two parallel 
forces, acting upon the rigid 
body, or bar, a d, they will 
be balanced by an opposite 
force, c F, which is equal to the sum of ab and de ; or 
this force may be represented by the resistance of a fixed 
point beneath c, as in the fulcrum of a beam-scale, when 

the pressure upon the ful- 
J[F crum will be equal to the 

I sum of the weights in the 

two scale-pans. 

The conditions of equi- 
librium are easily seen 
where the forces ab and 
DE are equal to each other, 
but if A b is greater than de, it will tend to produce rota- 
tion about the point c, in the direction A b. The same results 
will follow if the two forces remain the same, but the dis- 
tances AC, DC, from the point c, at which they act, vary. 
In this case equilibrium will be established whenever the 
forces acting at the two points, a and d, multiplied into 
the length of the two distances, AO, DC^Ait ^bi^c^k^k^^ 



Fig. 16.— ParaUelograin of Forces. 
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Fig. 17.— Equilibrium of Forces. 
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respectiYely net, are equal The prodact of a force into 
a perpendicular, dropped from the falcmm upon its line 
of action, is termed the momefU of the force, and when- 
ever, therefore, the moments of the forces on either side 
of the fulcrum are equal, equilibrium is estaUished. 

When two parallel forces act upon a rigid body, but 
in opposite dii^ctions, there is a tendency to produce 
rotation round a point somewhere between the point of 
application of these two forces. When two equal and 
parallel forces, acting in opposite directions, are applied 
to a rigid body, a couple is produced. The distance 
between their lines of action is called the arm of the 
couple, and the product of one of the two equal forces, 
by this arm, is called the moment of the couple. Equili- 
brium in a couple cannot be produced by the action of a 
single force, but it can be by the action of a couple of 
equal moment^ moving in the opposite direction, provided 
that the two couples are either in the same, or else in 
parallel planes ; and any number of couples in parallel 
planes, or in the same plane, are equivalent to one couple 
whose moment is equal to the algebraic sum of the mo- 
ments of all the others. 

106. Action of Three Forces. — If three forces act 
upon a point, and are not in the same plane, then the 

force which will counter- 
'"^yx balance them, or pro- 
duce equilibrium in a 
rigid body upon which 
they act, will not lie in 
the same plane as any 
two of them, but may 
be represented in magni- 
tude and direction by- 
the diagonal of a paral- 
lelepiped, of which three sides represent the three 
foix^es acting at a point in magnitude and direction. In 
Fig. 18, let AC, Bc, and DC represent the three forces 
acting at the point c^ then the dia^nal of the parallele- 




Fig. 18.— Panllelepiped of Foroes. 
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piped B will represent the resultant of these three forces 
in magnitude and direction. When the three forces 
acting at the point o are in the direction A c, b c, and d c, 
then the direction of the counterbalancing force will be 
in the direction o B ; and when the three forces act in the 
direction OA, cb, od^ then the direction of the single 
force to produce equilibrium will be from e to a This is 
called the pairaUelepiped of forces, 

107. General Resolution of Forces, — In the same way, 
any number of forces acting upon a point in a rigid body 
may be resolved into one force acting at that point, and 
the conditions necessary for equilibrium will be fulfilled 
either by an equal force acting in an opposite way, 
along the same line of direction, or by the resolution 
of this counteracting force into any other number 
of forces, whose resultant shall be represented by this 
counteracting force in magnitude and direction. In cases 
where the forces applied to a rigid body do not meet at a 
point) but in parallel lines, they cannot always be repre- 
sented or equilibrated by a single force, but they can be 
replaced by forces equal and parallel to them, and acting 
at any assumed point together with a number of couples. 
The forces acting at any assumed point can, however, by 
the resolution of forces, be replaced by a single force, 
which represents them in magnitude and direction^ and 
the whole of the couples be reduced to a single couple, 
whose moment shall represent the sum of the moments 
of the original couples. 

Thus any possible combination of forces applied to a 
rigid body may be reduced to a single force, acting along 
a definite line, and a couple which shall be perpendicular 
to this line. Such a combination of force and couple is 
termed a wrenchy and the line of direction of the force 
the axis of the wrench, 

108. Force and Mass, — The action of force upon mat- 
ter varies with the quantity of matter which is acted 
upon. We have already seen (31) that the quantity of 
matter which is contained in any body ia tAtm<^ \!us^ \&S6SS3^ 
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and that on the surface of the earth the difference in the 
quantity, or mass, which any body contains may be con- 
sidered to be estimated by its weight, which is really the 
amount of attraction which exists reciprocally between it 
and the mass of the earth, which is a constwt standard 
It will, however, be readily seen that if we had not the 
earth as a standard of reference, or were removed to some 
place where there was no attraction, then some other 
method for the determination of relative mass would have 
to be employed. 

So long as we confined ourselves to matter of tho 
same kind, such as iron or lead, this would be easy, 
because we know that equal volumes would, under the 
same conditions, contain equal masses; but when we 
came to compare different kinds of matter, such as iron 
with lead, then the case would be entirely different. The 
action of force upon matter, however, enables us to deter- 
mine this readily, because two different substances always 
contain the same mass when the same amount of force 
produces in each the same velocity when acting upon 
them for the same length of time. 

We may sum up the i^elation between force and mass 
as follows : — 

(1) The velocities acquired by equal masses when 
acted upon by equal forces during equal times are 
equal also. 

(2) llie velocities acquired by different masses, under 
the action of equal forces, in equal times are in- 
versely proportional to the masses. 

(3) The velocities produced by forces of different mag- 
nitude, acting upon the same mass in equal times, 
are proportional to the forces. 

(4) If different masses acquire in equal times equal 
velocities, the moving forces are proportional to 
the masses moved. 

(5) The velocity generated by a constant force in the 
same mass is proportional to the time during 
which the force has acted. 
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(6) Under the action of a constant force, the space 
passed over varies as the square of the time during 
which the force acts. 

109. FaUmg Bodies, — ^The fall of bodies to the earth, 
under the action of gravitation, affords one of the best 
illustrations of the action of a uniformly accelerating 
force. The resistance of the air causes bodies of different 
densities to fell with different velocities ; but in a space 
where the air is all exhausted, and a vacuum produced, 
the time of descent, and the velocity acquired by all 
bodies in falling from the same height, is exactly the 
same. Under these circumstances, when a body is per- 
mitted to fall during one second of time in the latitude 
of London, it will pass over 16*1 feet, and will have 
acquired a velocity of 32*2 feet per second. The spaces 
passed over in successive seconds are as the odd numbers 
1, 3, 5, 7, &C., and the spaces from the commencement 
•are as the squares of the times in seconds, viz., 1, 2, 3, 4, 
4&C., squared, or as the numbers 1, 4, 9, 16, &c. 

The space passed through in any particular second is 
found by multiplying the constant 16*1 by the correspond- 
ing odd number, and the space from the commencement 
of falling by multiplying this constant 16'1 by the square 
of the number of seconds. The velocity at any point 
may be found by multiplying 32 '2, the final velocity at 
the end of one second, by the number of seconds during 
which it has fallen. 

When a body is projected upwards from the earth, 
the velocity with which it is moving is subject to a con- 
stant retarding action, which is exactly the reverse of the 
acceleration when the same body is falling. To find the 
length of time during which a body will rise when pro- 
jected upwards with a given velocity in feet per second, 
we have only to divide this velocity by 32*2, and we 
obtain it at once ; and the height, in feet, to which it 
will rise is found by dividing the square of the velocity 
by twice the acceleration of gra-^dty in one second, which 
is 32-2 X 2 = 644. 



124 DITBBmDIAn TKXT-BOOX OT 

110. Projeefed Bodies. — ^Tlie sctioii of gravitation is 
cmiHta&t npoD all bodies, wliether the; are projected vei- 
ticaUj upwards or not When the projectioti is verticallf 
npvuds, the velocity is retarded accmding to the lav 
above indicated, until a ptnnt is resiched when the motion 
is entarelj arrested, and then, as in the case of an airow 
or rtone tiirown upwards, the; conunence to descend, 
and tail to the earth with c<m- 
tinnally-aagment«d vdocit;. 
The time of fell is exactly 
the same as that oocapied in 
rising, and the final velodl?, 
as the body strikes the earth, 
exactly the some as the initiil 
velocity with which it was pro- 
jected upwards. If die bodj 
is projected horizontally, the 
action of gravitation deflects 
la the body out of the stnught 
line, and coatinnally draws it 
downwards towards the earth, 
so that tlie patli of the pro- 
jectile becomes a carve. To 
— 'ae gnd the nature of this curve, 
rig. 19.— TnjeotoTj. We have only to draw tJie 

horizontal line A B in Fig. 19, 
and mark out the snccesmve points at which the moving 
body would arrive in successive seconds if gravity did not 
act, and from each of these points draw rertii^ lines, 
la, 2a, Sa, ia, and equal to tlie space through which the 
body would hare fallen up to the instant marked by the 
successive seconds, if it had fallen vertically under the 
actum of gravity, without any horizontal motion, and 
then draw a curve through the successive points marked 
out by the junction of flie vertical and horizontal line^ 
in the direction a, a, a, a, &c., to c, and this will give 
the path of the projectile. This is precisely that con- 
struction which is required to draw a parabola, and &om 
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this fact alone we can infer that the spaces passed through 
daring the fall are proportional to the squares of the 
times of flight* 

111. Mechanical Work. — ^Whenever a body is changed 
from a state of rest into one of motion, a certain amount 
of force is expended, and this is rendered latent by the 
performance of mechanical work, which can be measured 
by the amount of resistance which is overcoma 

Whenever a body is raised from the ground, a certain 
amount of work is done against the action of gravitation, 
and this is a constant force which varies directly as the 
mass moved and the height to which it is raised^ and the 
work done is also directly as this space. The work done 
by any living or inanimate agent is measured by the 
weight raised in pounds multiplied by the height in feet 
to which it is nosed^ and the unit of work is, therefore, 
called the foot poimd. Thus, if 30 lbs. are raised 
12 feet high against the force of gravitation, 360 units of 
work are performed. It will also be seen that although 
the body may remain in a state of rest after the act of 
raising it is accomplished, the work performed is not 
lost, because the body will be capable of, under suitable 
conditions, falling to the ground again, and in doing so 
can raise another weighty or, as in the case of a clock- 
weighty drive a train of wheels. In measuring the quan- 
tity of power which is expended in doing mechanical 
work, however, the element of time must also be intro- 
duced, because we can easily see how any agent which 
can raise, say, the 30 lbs. to a height of 12 feet in one 
second, must be much more powerful than one which can 
only accomplish the same work in, say, one minute. It is 
usual, therefore, in measuring the work which any agent 
can accomplish, to determine what weight in pounds can 
be raised one foot high when the whole power is expended 
during one minute of time. Thus we speak of a horse- 
power as represented by 33,000 lbs. raised one foot high 
in one minute of time. A steam-engine which could 
raise 330,000 lbs. of water one foot high, or 330 lbs. 
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1,000 feet high, when working during one minute, we 
should say indicated 10 horse-power. The weight lifted 
and the height to which it is lifted are convertihle^ 
since the same power which would raise 100 lbs, to a 
height of 10 feet would also raise 1,000 lbs. to a hei^t 
of 1 foot, or 50 lbs. to a height of 20 feet. The work 
which is accumulated in any moving body is found by 
multiplying its weight in poxmds by the square of iU 
velocity in seconds, and dividing the product by twice 
the acceleration of gravity, which is 32*2 x 2 = 64*4. 

The time during which work is performed, and the 
amount of work performed, are also convertible : that 
is to say, that any agent which works uniformly will 
perform twice the number of units of work during two 
minutes that are performed during one, and the same 
amount of energy which will perform, say, 100 units of 
work in ten minutes would, if entirely expended during 
one minute, perform 1,000 units of work. A weak agent 
can thus perform a large amount of work if more tune 
is taken to do it, and a powerful agent continue to do a 
smaller amount of work during a longer period of time 
than if entirely expended in doing a larger amount in a 
shorter time. 

112. Simple Machines. — It is often necessary to oonvert 
the work which is being actually performed by any agent 
into work of another form, either as regards mass, spaoe^ 
time, or velocity. Thus the work which a man can 
perform is often required to be expended in raising a 
weight which is much greater than he can lift at onoe, 
and which is incapable of being divided. The means by 
which this is accomplished is by the use of machines or 
mechanical contrivances, which enable him, or any oth^ 
agent, to accumulate energy by working during a longer 
period of time or with a greater velocity, and expending 
this accumulation on the accomplishment of the desired 
object. No form of machine, however, can generate 
power, and the function of any machine, therefore, is 
simply confined to the convemou ot one kind of work 
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into another. Nor can any machine, however constructed, 
entirely convert all the energy which sets it in motion 
into another form of work, because a certain portion of 
the moving force is always expended in overcoming the 
friction of the moving parts of the machine, and cannot 
be transmitted. 

113. Mechanical Towers, — ^AU machinery, including 
the most complicated forms, can be reduced to a few very 
simple machines, which have been named the mechanical 
powers, and which are usually considered to be six in 
number, although several of them* are really only more 
complicated forms of the others. They are — iX) the lever ; 
(2) the wheel and axle ; (3) the pulley ; (4) the inclined 
plane ; ^5) the screw ; (6) the wedge. They might, as 
we shall afterwards see, be i*educed to the lever, the 
pulley, and the inclined plane. In all the considerations 
connected with the investigation of the theoretical action 
of all machines, whether simple mechanical powers or 
noty it is usual to assume that the parts of the machines 
themselves have no weight, and move without friction, 
so that the whole of the power applied to the machine is 
entirely transmitted, and thus used in the performance 
of useful work : a condition of things which is, of course, 
absolutely impossible in practice. 

114. The Lever, — The lever consists of a rigid bar, either 
straight or bent, and when the latter, the distances are to 
be measured along a straight line from the fulcrum to the 
points of application of the power and to the point of 
application of the weight to be lifted. It is usual to 
consider levers to be divided into three orders — (1) 
When the fulcrum, or point upon which the lever acts, 
is between the power and the weight; (2) when the 
weight is between the power and the fulcrum ; (3) when 
the power is between the fulcrum and the weight. 
These three orders are illustrated in Figs. 20, 21, 22. 
In the first order oi levers we have the conditions of 
equilibrium when the power multiplied into the dis- 
tance at which- it acts from the fulcrum is equal to the 



128 INTERMEDIATE TEXT-BOOK OF 

weight multiplied into the distance at which it acts ; and 
it will thus be easily seen that when the distance frcHU 
the fulcrum to the power is greatest^ and from the ful- 
crum to the weight least, the smallest power applied will 

lift the largest weight; but 

P as the lever turns upon 

r ~1 the fulcrum, the distance 

p (w) through which the power 

Fig. 20.— Lever of the 1st Older. moYes will be greater than 

that through which tiie 
weight moves. In this class of lever the mechanical ad- 
vantage may be either in &ivour of the power or <^ the 
weight, whichever is farthest from the fulcrum obtaining 
it A crowbar is a good example of this order of lever 
where the arms are unequal, jJP 
and a beam-scale balance I F 



where the arms are equal, JL 

and thus any weight in Q^ 

one pan will, when equi- Fig. 8i.— Lerer of the Snd 0id«r. 
librium is established, be 
equal to any other placed in the opposite pan. 

In the second order of levers the weight is equal to 
the sum of the power and the pressure on the fulcmiD, 
and the conditions of equilibrium are that the power 

^p multiplied into the distance 

T £ at which it acts from the 

fulcrum is equal to the 

weight multiplied into the 

F^.22.~l<eTeroftiie3rdOrder. distance at which it aet& 

A wheel-barrow is a good 
example of this class of lever, and also an oar used in 
rowing a boat, where the man is the power, the water the 
fulcrum, and the boat the weight moved. In this dasi 
of lever the mechanical advantage is always in favour of 
the power. In the third order of lever the conditions of 
equilibrium are the same as in the other two — yie^ the 
power multiplied into the distance from the fulcrum at 
which it acts is equal to the weight multiplied into the 



s 
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distanoe at which it acts. In this order the mechanical 
advantage is always in favour of the weight, or the reverse 
of the second order, and the power, therefore, must 
always be greater than the weight, but it will always 
move through a smaller distance. A good example of 
this order of lever is the common lever safety-valve of a 
steam boiler or a pair of ordinary sugar-tongs. In any 
of the three forms of lever the mechanical advantage is 
always equal to the quotient of the longer arm, or 
distance from the fulcrum, divided by the shorter arm, 
and in favour of the power or weight, according as the one 
or tho other acts at the longer or shorter distanca 

115. Wheel and Axle, — ^The wheel and axle are really 
only an endless lever, the fulcrum of which is the centre 
of the axle, and the arms the distances which 
correspond to the radii of the wheel and 
the axle, and the conditions of equilibrium 
are such that the power and weight multi- 
plied into the distance at which they re- 
spectively act from the common centre must 
be equal. This is seen at Fig. 23, where 
CA and CB correspond to the radii of the _ 

two circles, and if the weight acting at a ^^d'lxie.^ 
and the distance A c are multiplied together, 
they will always equal the product of the weight 
acting at b, and at the distance b c when equilibrium 
is established. A o b is really a lever of the first order, 
with the fulcrum at c. When the power acts at the 
radius of the larger wheel, the mechanical advantage 
is in fevour of the power, and the weight raised will be 
greater, but the sp^d of raising less. A good example 
of this is seen in an ordinary winch used for lifting 
or raising a bucket out of a weU. When the power 
acts at the radius of the smaller wheel or axle, the 
mechanical advantage is in favour of the weight, but the 
speed is greater, and the power must therefore be greater 
than the weight An example of this is seen in the 
driving-wheel of a locomotive, where the power is aj^^lied 
J 
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Fig 2 k- Single 
Pulley. 



at the crank, and the weight moved at the circumference o! 

the driving-wheel, and thus speed is gained at the expense 

of power. 

116. I%e Pulley consists of a small wheel, which 

turns freely upon its axis, and which is usually grooved 

so as to permit a cord or rope to pass 
over it without slipping off the mda 
The pulley itself gives no mechanical 
advantage, except that it permits the 
direction of the force acting along the 
rope to be changed, which is often con- 
venient, so that power may be applied 
more advantageously. Thus a man can 
lift a much larger weight by pulling 
downwards than lifting up, because tlM 
full weight of the body can be used as a 

counterweight. At Fig. 24 we have a simple pulley with 

the cord passing over it, and the conditions of equilibrium 

are that the two weights shall be equal, because the 

pulley simply acts like a lever of the first order with 

equal arms. If, however, we arrange 

a system of two pidleys, of which 

one is fixed and the other movable, 

as in Fig. 25^ and permit the cord 

to pass under one and over the other, 

it will be easily seen that since the 

cord is the same, tiie strain on every 

part of it must be the same, and the 

weight which is supported or carried 

by two stiings will, therefore, carry 

a double weight to that exerted or 

suspended at the end of the single 

cord; but it is also obvious that if 

wc move the power or weight sus- 

l^ended by the single cord through, say, (me foot, the weight 

susj^ended by the double cord will only move through half 

that space, because only one foot of slack cord will pass 

over the fixed pulley, and will have to be divided between 
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Fig. S^.-Sratem of Two 
Polkya. 
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;wo oords which suspend the movable pulley. The 

htf therefore, although double the power, when 

iplied into the space through which 

\B moved, will exactly equal the 

ir multiplied into the space through 

h it has moved, and thus equilibrium 

be established. In the same way 

uty arrange a system of pulleys, such 

(presented by Fig. 26, consisting of 

aurober of them, by means of which 

in gain mechanical advantage in lift- 

I weight; but in all cases the dis- 

) through which the weight can be 

if when multiplied into the weight 

d, will always be equal to the weight 

16 power, or pressure applied at the 

* end of the cord, when multiplied 

the distance through which it has 
moved. Like the lever and the 

1 and axle, therefore, the pulley 

ot create, but only distribute, power, 

oabling a small weight to balance 

rge one, by moving over a larger 

) in the same time, or a larger 

lit to move a smaller over a larger 

) in the same tima 

17. The Inclined Plane is a means by which very 

great weights can be raised 
to any given height with 
the expenditure of far less 
power than could possibly 
r\ raise the same weight verti- 
^-^ cally upwards. Fig. 27 is 
a section of such an in- 
clined plane; and in moving 
any weight from a to b, 
it is quite clear that it 

have been raised throng the verticsl k^v^^t ^ ^\ 
J 2 




—System 

^8. 




Fif • 87.— Inclined Plane. 
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and the conditions of equilibrium are such, that if the 
vertical height b c, which is one side of the triangle, 
is half the length of the hypothenuse, or inclined 
plane A B, the power required to balance the weight 
moved up the inclined plane will only be half that 
weight. The reason of this is, that half of the weight is 
really supported on the plane, and in a state of equili- 
brium, and the remaining half, therefore, only requires to 
be moved. Since the weight of w is represented by the 
force of gravity, which acts perpendicularly downwards, 
this force is equivalent to two other forces, of which 
it is the resultant, one of which acts perpendicularly 
to the line A b, and is balanced by the resistance of the 
plane and the other at right angles to this force, in 
the direction of the tension of the string, and therefore 
alone requires to be balanced by the weight p. The 
mechanical advantage to be obtained by any inclined 
plane may therefore always be calculated by dividing the 
length of the plane by the vertical height to which it 
rises, and thus the weight raised, multiplied into the 
vertical height, will always be equal to the power re- 
quired to balance the weight multiplied into tiie length 
of the plane. We have a good example of an inclined 
plane in the means usually employed to roll heavy casks 
into a dray by means of two planks of wood, extending 
from the ground upwards to the surface of ike dray, or 
the winding of a road up the side of a hill, so as to make 
the distance, which is the length of the plane, longer, and 
thus ease the gradient. 

118. Tlie Screw is only another application of the 
inclined plane, for if we take a triangle of paper, or any 
other flexible material, as seen at A B C in Fig. 28, and 
wrap it round a cylinder, the edge of the inclmed plane 
will form a spiral from the top to the bottom of the 
cylinder ; and if this line be cut into the cylinder, it will 
form the grooves between the thread of the screw. When 
this cylinder is therefore turned round on its axis, it will 
either raise a riUt, which is formed to correspond with it^ 
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Fig. 2a— The Screw. 



or, if the nut be fixed, raise or lower itself, according to 
the direction in which it is turned. Just as in the 
inclined plane — where we have seen that the longer the 
plane the greater the mechanical advantage — so in the 
screw : the finer the thread, k— ^ 
or the longer the length of .Z^ 
the spiral, the greater wUl 
be the mechanical advan- 
tage gained by its use, but 
the greater the number of 
revolutions will have to 
be made to raise the screw 
or nut through the same 
height. The length of one convolution of the screw 
represents the length of the plane, while the distance 
between any two threads corresponds to the height of 
the plane ; and if we divide the former by the latter, 
we get the mechanical advantage which any screw 
will give. The screw is seldom used by itself, but 
generally with a lever to assist in turning the screw on 
its axis ; and in this manner a man can exert a pressure, 
or lift a weight, far exceeding anything which he could 
possibly do by his unaided power, but he requires to act 
for a longer time in order to perform the work. 

119. Tjfie Wedge is also only another form of the 
inclined plane. It is, in fact, two inclined planes with 
their bases together, and the double vertical height 
corresponds to the thickest part, or head, of the wedge. 

The smaller the head of the wedge, in proportion to 
the length of the wedge, the greater the mechanical 
advantage gained, because we have virtually a longer 
plane in proportion to the vertical height. It is usually 
used to assist in the separation of masses of matter by 
being forced between them, and generally in combination 
with the mechanical advantage of storing up energy in 
the head of a hammer while in motion, and giving it up 
to the wedge in the impact of the blow. In this way it 
is possible to overcome resistances which would ot.l\feYH^<5i 
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require tlie use of far more complicated madunery. Many 
of our took, such as those used in carpentry, and imple- 
ments such as tlie plough, act upon the pnndpie of the 
wedga 

120. Complex Machinei, — However com{^icated any 
machine may be, it can always be reduced to tiie nature of 
one or other of the simple mechanical powers given above ; 
and the principles which regulate the action of the most 
complex machines are exactly the same No "m^*Iiitia 
can be constructed which can create power, because if 
we multiply the weight employed to turn any machine 
into the distance or space through which it moves during 
a given time, the product will alwa3rs equal the weight 
moved by the machine when multiplied into the distance 
moved over in the same tima This holds good whether 
we measure the pressures or weights in pounds, or tcms, 
or ounces, or any common value, and thus perpetual 
motion is impossible All maohines, however, do not 
transmit all the energy which is communicated to Uiem, 
as the waste is used in friction and overcoming the 
inertia of the machines themselves. If power were applied 
to a machine which did no work, it would be entir^ 
expended in communicating motion to the machine, and 
the velocity of the machine would therefore be constantly 
accelerated till it would reach a maximum, and the motion 
of the point where the moving force was implied would 
be equal to the motion of the moving force itsell li^ 
on the other hand, the resistance were continually in- 
creased, the machine would finally come to a stand idien 
perfect equilibrium was established. Betweetf these two 
points lies the greatest efficiency of the manKin^^ or 
where the greatest amount of work can be done; and 
this has been found to be when the velocity of the point 
of iqpplication is about one-third of the maTrimum velociiy 
above spoken o£ This applies to all machines where 
motion or power is transmitted. 
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CHAPTER 11. 

HTPBOSTATICS, INCLUDING THE GENERAL PROPERTIES OF 
LIQUIDS, AT REST AND IN MOTION. 

121. Molecular SPmcture of Liquids. — We have already 
seen that when matter exists in the solid condition, the 
molecules, or ultimate parts of which it consists, possess a 
certain fixity of position with regard to the centres about 
which they oscillate, and do not, therefore, travel from 
one part of the structure to another, while they are held 
together by a sufficient force of cohesion to enable them 
to offer great resistance to any other matter which seeks 
to penetrate the mass. In liquids, on the other hand, 
the force of cohesion is very much reduced, and the fixity 
of position of the centres of oscillation entirely destroyed, 
so that the molecules are free to move under the action 
of force to any part of the containing vessel, and are 
displaced and inter-penetrated by the slightest force. As 
in the case of solids, the inter-molecular motions increase 
as the temperature of the liquid rises, and ultimately, 
when the temperature reaches a certain point, the bond 
of cohesion is entirely destroyed, and the molecules fly 
off into space and assume the gaseous condition. The 
temperature at which this effect occurs is called the 
boiling point. In all liquids, however, until the boiling 
point is reached^ there is a certain amount of cohesion 
amongst the molecules, which causes them to cling together, 
or exhibit the property of viacoaityy while they are free to 
assume any shape, and yet offer a very great resistance to 
compression. 

122. Compression of Liquids. — For a long time it 
was supposed that liquids were absolutely incompressible, 
but with more accurate observation and instruments it 
has been found that this is not the case, but that all 
are more or less so, and that in all true liquids the decrease 
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in volume is directly proportional to the pressure. 
Whenever the pressure is removed, however great it may 
have been, the liquid always resumes its original volume, 
and liquids are therefore supposed to be perfectly elastia 
The degree of compression in all liquids, even under the 
greatest pressure, is very smalL In the case of water, 
the compression for one atmosphere, or 15 lbs. to the 

square inch, is only ^(f.^Tnr^^ P^^^ ^^ ^^ voluma 

123. Presstire transmitted by Liquids. — In conse- 
quence of the great incompressibiUty of liquids, and their 
perfect elasticity whenever they are subjected to pressure, 
they transmit it undiminished in every direction, and act 
witibi the same force on all equal surfaces. The con- 
sideration of the action of forces or pressures upon liquids, 
which forces produce a state of equilibrium or rest in the 
molecules of the liquid, constitutes the science of hydro- 
statics ; while the investigation of the laws which regulate 
the motion or flow of liquids constitutes hydrodyTUMmcs^ 
or hydro-kinetics, 

124. Liquids under Gravitation, — ^Gravity, or the 
attraction of the earth, acts upon liquids in the same 
way as upon solids, but the internal pressure produced 
within the liquid under this action varies at different 
points, and increases in intensity fix>m the surface of the 
liquid downward. This will easily be seen if we consider 
any liquid contained in a vessel in a state of rest to be 
divided into horizontal layers of equal density, the lower 
of which always suppol those\hich ar^' above it 
Under these conditions — (1) the pressure in every part 
of the same layer is equal ; (2) the pressure in each layer 
is directly proportional to the depth or weight of liquid 
above it ; (3) in different liquids at the same depth the 
pressure is proportional to the density. The pressure 
exerted by a column of water upon the bottom of any 
vessel or reservoir may be roughly considered to be half- 
a-pound weight for every square inch of surface and 
every foot in vertical height ; and for any other liquid 
the pressure increases or diminishes in direct proportion 

io the density as compared wit\i ^a\^T* 
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We have already seen that the pressure exerted by 
liquids is equal in every direction, and consequently the 
downward pressure exerted by the different layers of any 
liquid produces an equal upward pressure, and this at 
any given point in the liquid is always equal to, and 
governed by, the same laws as the downward pressure. 
This upward pressure is called the buoyancy of liquids, 
and upon it depends the power oi flotation, 

125. Liquids under Pressure, — The pressure exerted 
by liquids is also quite independent of the form of the 
containing vessel, and from the perfect elasticity and 
mobility of the molecules of the liquid, the pressure 
exerted upon even the smallest 
part of the fluid is communi- 
cated over the whole area of 
the surface of the fluid in 
every direction. Upon this 
principle depends the action 
of the hydrauHc press, where 
the pressure communicated to 
a small piston is communi- 
cated by the liquid over the 
area of a larger piston, with 
an equal force upon every 
part of the larger area; and 
thus a comparatively small pressure can be made to yield 
a much greater. This will be seen distinctly in Fig. 29, 
where the small piston exerts a force upon the surface of 
the liquid beneath it, which is communicated to the under 
surface of the large piston, and the pressure being the 
same on every square inch of the larger piston, we have 
a much larger power exerted. Thus, if the area of the 
larger piston exceeded the smaller by 1,000 times, we 
should have 1,000 times the pressure. 

At first sight this may seem to contradict the principles 
laid down in the chapter on the action of machines, but 
when we remember that if the two cylinders containing 
the two pistons differ in area as 1 to 1,000, it will reo^ir^ 
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Pig. 29.— Hydraulic Press. 
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tlie snail pnton to more titroa^ 1,000 toMs the 
that the hi^ potoa does ; and, tiherefege , if we nnlt^J^ 
tbe weight ia l)otE oues l)j the spaee moved orcr, the two 
nmltM are eqnal, azui there has been no ereatioB. oi tantj 
mcfi the laiger we^Kt is lifted aclj j^^^^th past of dbe 
^pace tlirofiglk which the snaller ptston. lua HOvedL 

12^ EqmKlfniHm €^ Lif^idt, — When under the aetioa 
of gravitation, the smHEacea of all lifpddi iMium a hori- 
2ontal position, because the snrfiMx of the liqpid aMit 
everywhere be perpendicnlar to die lesidtaiit of dbe 
forees wiiich act upon the moleciilea which ftrtptif it, 
and this at the free surface of a liquid will be in the 
direction of the plmnb-line^ The direetion of the pfanob- 
tine rariea with ererj positioa on the sorfisce of the 
earth, and hence the free sorCftce of the liqnd will also 
vary, and form a cnrve^ and not a phui^ as we have 
tXfisAj teen is the case with the smfsce of the oeeuL 
For small snr&ces, however, we may consider the soifsee 
of fluids when at rest to be a plane, ^noe the action of 
gravitation is practicanj constant within all snail aieai 
oC the earth's surface, whenever liquids of the same kind 
are left to its action in vessels which communicate with 
each other, the surface in all will be at the same distsnrp 
from the centre of the earth ; or, in other words^ liquids 
will alwajs rise to the same leveL Upon this priiicqile 
depends the oonstniction of the ordinary level for sor- 
veying porposes, and the sapply of water from elevated 
reservoirs to the houses of towna. 

When liquids whidi have not the power of diflbsioo, 
and possessing different densities in different vessds^ are 
free to communicate with each other, they will, when 
equilibrium is estaUished, not assume a level smface or 
equal hei^t in the two vessels^ but unequal heights of 
column. The height of the two columns will be in the 
inverse proportion of tbe density of the two liquids — ^that 
is to say, the denser liquid will require a bibber column 
of tbe imrer liquid to babmoe it. When tiquids of different 
densitiea, whidh do not difiuse into each other, such ss 



PHYSICAL SCIENCE. 139 

mercury, water, and oil, are mixed together, they will, 
when under the action of gravitation, arrange themselves 
according to their densities, the heaviest being at the 
bottom, and be separated from each other by distinct 
horizontal surfaces. 

127. Flotation of Solids, — Whenever a solid body 
is immersed in a liquid, it is, like the volume of liquid 
which it has displaced, subject to the pressure of the 
surrounding molecules of the fluid. Kow, we have seen 
that, although the pressure of liquids is the same in every 
part of a horizontal layer, it varies in the perpendicuhur 
layers directly as the depth of the liquid ; and hence, 
since the bottom of the solid is deeper in the liquid than 
the top, the solid is pressed upwards by a pressure which 
is measured by the perpendicular depth of the solid, or 
the difference of the two columns of water which extend 
from the bottom and top of the solid to the surface of the 
liquid. The upward pressure is, therefore, equal to the 
weight of the volume of liquid displaced by the solid. 
All bodies, therefore, when immersed in liquids, lose a 
portion of their weight, which is dependent upon the 
volume occupied by the mass of matter and upon the 
density of the liquid. Whenever, therefore, a solid which 
has a less density than water is immersed in it, it will 
not only float upon the surface, but sink into it a portion 
of itself, which will displace a quantity of water exactly 
equal to its own weight. If the solid is denser than 
water, it will sink in the water, but beneath the surface 
of the water will be deprived of a part of its weight 
exactly equal to the weight of the water which its 
volume hais displaced. It will thus be seen that even 
solids denser than water can be made to swim in it, if 
the solid is disposed in such a form that it will displace 
a sufficient quantity of water to outweigh itself. Upon 
this principle the hulls of ships can be made of iron, 
which is heavier than water, because from their hollow 
form they displace more water than their own weight. 

128. Specific Gravity, — By taking advantage of the 
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property of liquids mentioned above, we have a very 
ready method of detertnining the relative density ot 
different solids to water which is taken as the standard, 
and when determined in this way, this relative density 
is termed gpeeifie gravity. In order, therefore, to obtain 
the specific gravity of any body, we have only to deter-, 
mine its weight and the weight of an equal volume of 
water, and then divide the first weight by the second, 
and the quotient is the specific gravity of the body, when 
compared with water as unity. The determination may 
be made in many ways, which we cannot enter into here, 
but the principle involved in them all is stated above. 

When the body whose specific gravity is sought is 
soluble in water, it is usual to determine its relative 
density with regard to some other liquid, such as oil or 
turpentine, whose specific gravity is known, and in which 
it is not soluble, and then multiply the result so obtained 
by the specific gravity of the liquid thus used, which will 
give the specific gravity of the solid relatively to water. 
The specific gravity of liquids is obtained by weighing 
ineacb of them aknown 
weight of any solid 
which is insolnble in 
each of them and in 
water, and the differ- 
ence of each being 
noted, this weight re- 
presents the weight of 
an equal volume of 
water and of the given 
liquid ; and it is only 
necessary to divide the 
';weightof the displaced 
liquid by the weight 
of an equal quanti^ 
of water, and we ob- 
tain the specific gravity required. For the easy deter- 
mination of the specific gravity of various liquids, such 




Fig. 30.— E;dromet«n. 
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as oils, saccharine, or alcoholic solutions, it is usual to 
employ small instruments called hydrometers. These 
consist of a weighted bulb of glass and a long stem, 
which has previously been graduated according to various 
plans. This instrument is floated in the liquid the 
specific gravity of which is to be ascertained, and the 
position of the graduation from the zero point to the 
surface of the liquid read off, from which the specific 
gravity is easily determined, according to the method of 
grsiduation. The form and use of these instruments will 
be readily seen by reference to Fig. 30, where we have 
several forms of the hydrometer represented floating in 
the liquid whose density is to be determined. 

129. Capillary Attraction, — Whenever solid bodies 
are brought into contact with liquids, at the point where 
the two touch each other we have a series of phenomena 
exhibited, which we term capillary at- 
traction. The character of these pheno- 
mena depends upon the natm-e of the 
liquid used. Whenever a body, such 
as a glass rod, is placed in a liquid 
which wets it, the liquid becomes 
curved upwards against the side of the 
solid; and whenever the liquid is of 
such a nature that it will not wet the 
solid, then the liquid becomes de- 
pressed downward at the point of 
contact with the solid. 

This effect is more distinctly seen 
when we employ tubes of glass of 
small diameter, for in the case whei-e 
the liquid wets the glass we have the 
liquid rising up into the tube to a 
considerable height above the general 
level of the liquid. This will be seen 
at Fig. 31, where we have an illustra- 
tion of the rise of water into a small tube. In the same 
way, the depression of mercury which does not wet the 






Fig. 31.— Capillary 
Attraction. 






Fig. 32.— Capillary 
Attraotioxi. 
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glass is distinctly shown in Fig. 32, the level of the 
mercury within the tube being much below the general 
level of the surrounding mercury. The surface of the 
liquid within the tube is always concave when the 
liquid wets the glass, and convex when it does not. 
In consequence of this peculiarity, it is necessary to 
make allowance for this convexity when reading the 
height of a column of mercury in a barometer tube. 
The exact form of the curve assumed by the surfoce 
of the liquid depends upon the relation between the 
attraction of the solid for the liquid and the mutual 
attraction of the molecules of the liquid, which constitute 
its cohesive force. The ascent or descent of any liquid 
in tubes of small diameter are as the inverse ratio of the 
diametei*s of the tubes, and in the same liquid vary with 
the temperature, but are quite independent of the thick- 
ness of the tuba When two thin plates are immersed in 
any liquid, the liquid will rise, or be raised or depressed 
between the plates, according to the nature of the liquid, 
and for small spaces will be raised or depressed in 
the inverse ratio of the distance between them. The 
height or depression between the plates will be half that 
which would be produced in tubes whose diameter is 
equal to the distance between the plates. 

In consequence of this action of capillarity, when 
bodies are floated on the surface of liquids, they are- 
attracted or repelled from each other according to the 
nature and form of the body and of the liquid. It is also 
in consequence of this law of liquids that some insects 
are able to walk upon the surface of water, and also that 
oil or other inflammable liquids are drawn up into the 
wicks of lamps, and such substances as sand or sugar 
attract moisture up into their pores. 

130. Fndosmoae and Exosmose. — Whenever two 
liquids of diflerent densities are separated from each other 
by means of a thin porous diaphragm, or partition, 
currents of opposite directions are set up in them, and 
they tend to d^use into each other. When the liquids 
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are of different densities, these currents are never equal, 
and in consequence one of the liquids tends to increase 
in volume, while the other on the opposite side of the 
partition decreases. The flow of the liquid towards the 
Bide which increases in volume is called endoatnosey and in 
the opposite direction exaamoae. If one of the liquids is 
enclosed in a bladder, or other organic membranous bag, 
which has a tube tied into the neck, so that when the 
liquid from the vessel in which the bladder is immersed 
diffuses into the bladder, the liquid rises up in the tube, 
and this rise becomes a measure of the energy of the 
diffusing action. Such an instrument is called an endoa- 
mameter. Upon this peculiar property of liquids depends 
the process of Dialyaia. Professor Graham discovered 
that certain bodies when in solution pass through mem- 
branes with greater facility than others, and by placing 
the solutions of various substances within small vessels, 
which are termed dicdyaeraj and which possess a bottom 
made of parchment paper, and floating them in pure 
water, the substances which are to be sepai*ated pass 
through the membrane into the pure water, where they 
can conveniently be examined. Upon this property also 
depends the means by which the food of plants and 
animals is absorbed out of the soil and the digestive 
tract into the circulating system, and thus enabled to 
nourish the organised structura 

131. Flow of Liquida. — K a vessel containing any 
liquid has an opening anywhere below the surface of the 
liquid, a quantity of the liquid will, under the action of 
gravity, escape out at the oj^ning. The liquid, in 
escaping out of the side of the vessel through the opening, 
will be projected outwards, with a velocity depending on 
the depth of the opening from the surface of the vessel, 
the velocity increasing with the depth from the surface, 
because the pressure then is greater. When the liquid 
has left the orifice, it will fall under the action of gravity, 
in exactly the same manner as a solid body would do ; 
and as each molecule of liquid is succeeded by another^ so 
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that a continuous stream is formed, this stream takes the 
same form as the path of a projectile which is fired 
horizontally, and which we have already seen is a 
parahola. 

If the vessel is so formed that the orifice at the 
bottom part of it opens upwards, then the liquid stream 
will form a jet, which is projected upwards. We have 
already seen that in closed channels water will always 
rise to its own level ; and it would also do so in open 
jets, if it were not for the friction of the air and sides of 
the orifice, which retards its upward motion, and thus 
brings it to rest before the height of the column of water 
in the vessel out of which it rises is reached. 

In ordinary fountains, the jets are usually connected 
with the reservoirs, which supply them by a series of 
tubes, which are often of great length, and the friction of 
the water in these tubes materially diminishes the velocity 
of flow, and thus the height to which the fountain can 
play. The quantity of water or any other liquid which 
can be discharged through a pipe is much less than can 
be discharged directly through an orifice of the same 
diameter made in the side of any containing vessel, on 
account of the great friction between the moving liquid 
and the sides of the tube. This is called the hydraulic 
friction. The friction increases very rapidly as the 
diameter of the tubes becomes smaller. It is &lso found 
that even when water or any other liquid passes through 
an orifice in a thin plate, the quantity of water which 
will flow out under a given pressure is diminished by 
the form which the liquid jet assumes, or the path 
which the molecules which compose the jet pursue in 
issuing through the orifice, and does not exceed -|ths of 
what it would be if the motion of the molecules were 
unrestricted. When the liquid leaves the mouth of any 
orifice out of which it is escaping, it produces a pressure 
of re-action, which tends to move the vessel out of which 
the liquid is escaping in the opposite direction to the 
flow of the jet This will be easfly understood when we 
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T that if the orifice is closed the liquid in the 
Te«el will be in equilibrium, and the pressure equ&l on 
eveiy part of it ; but when the orifice is open, there will 
be an excess of pressure on the side of the vessel opposite 
to the opening equal to the pressure of the liquid over 
the area of the opening. A macliine, called a re-action, or 
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Barker's wheel, has been constructed on this principle, 
where two jets are turned out on opposite sides of a tube, 
fixed to a vertical axis, and thus a couple is formed 
which causes rotation of the central axis, l^is will be 
beat undorstood by reference to Fig. 33. Upon this 
principle are also constructed all the different forms of 
turbirUa, which are now verf lat^ely used as sources of 
motive power, especially where the volume of water is 
small and the height of the fall great 
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The re-acidon of a liquid upon a solid in motion, 
which is of such a form as to create a current in one 
direction, is also taken advantage of in the construction 
of the screw propeller^ which is now used in marine 
navigation in place of the old paddle-wheeLs. The 
propeller usually consists of an axis, upon which are fixed 
two or more segments of a scyew, which are called the 
blades of the propeller. As the propeller is fixed into the 
stern of the vessel, its revolution in the water causes a 
re-action between the blades and the water, and this re- 
action forces the water backwards and the vessel forwards. 
The diflference between the forward motion of the screw 
and the re-action which should be produced if the action 
of the screw upon the liquid were i)erfect, and without 
friction, is termed the slip of the screw. 



CHAPTER IIL 

PNEUMATICS, INCLUDING THE GENERAL PROPERTIES 

OF GASES. 

132. Molecular Strticture of Gases. — ^We have already 
seen that in the solid state the force of cohesion amongst 
the molecules which form the matter is such that the 
molecules retain a certain fixity of position about their 
centres of oscillation, so that they are not free to move 
from place to place within the bounds of the solid. In 
the same way the molecules of any body when in the 
liquid condition have the force of cohesion so much 
reduced that this fixity of position of the molecules is 
destroyed, and they are free to move within the mass 
into any position when under the action of a disturbing 
force, but the cohesion is nevertheless not so much 
reduced that the tendency to remain togetbeir is destroyed, 
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even when not under pressure. In the gaseous state the 
force of cohesion of the molecules is entirely destroyed, 
and the molecules which compose the gas are in a con- 
stant state of repulsion, so that they possess the quality of 
perfect mobility, and are always, unless confined within 
a material boundary, tending to occupy a larger spaca 
Within the volume of the gas the molecules are moving 
about in every direction with enormous and ever-varying 
velocities, and as a result they are incessantly coming 
into contact with each other. These molecular collisions 
occur many millions of times in every second. After 
every collision the path of the molecule is changed in 
direction, and the gas therefore exerts pressure in every 
direction on the interior of the containing vessel, and 
when free from any such restraining influence, would fly 
off into space if it were not for the action of gravitation. 
The gaseous condition is therefore a state which is depen- 
dent on the collisions of the molecules, and, as we shall 
afterwards see, if the number of molecules in any space 
is so reduced that iAxe/ree path or space during which the 
molecules do not come into collision is so far increased 
that few collisions occur, then we have a new condition 
of matter manifesting itself, which does not exhibit 
gaseous properties, and which has been named by its 
discoverer. Professor Crookes, the ultra-gaseous conditioru 

As we have already seen in regard to liquids, the 
power to retain that condition by any mass of matter 
depends upon the absolute temperature, other conditions 
being the same ; and in the same way the gaseous condi- 
tion is also dependent on the temperature, since in the 
case of all gases, if the temperature is sufficiently 
reduced, the motion of the molecules, which is reduced 
with the fall of temperature, becomes too small to over- 
come the attraction of cohesion^ and the body assumes 
the liquid condition. 

133. Gasv/nder Pre88v/re. — ^We have ali-eady seen that 
in the case of solids the resistance to change of form or 
volume on the part of the matter is very g;ceat) «jcl4 \1ca)& 
K 2 
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change, even under enormous pressures, only takes plaoe 
withm very narrow limits. In the same way liquids have 
been seen to resist the endeavour to change the volume 
with very great persistency, so much so that we can almost 
speak of them as incompressible, while their resistance to 
change of form, on account of the slight cohesion of the 
molecules, is very small In gases, on the other hand, 
the resistance both to change of volume and form is very 
small indeed, as the molecular centres are long distances 
from each other, in proportion to their diameters, and 
the quantity of matter within the volume comparatively 
small, when considered in relation either to solids or 
liquids. The repulsion, or outward pressure of the mole- 
cules, always tends to make them fill any space, however 
large, within which they may be placed. In solids and 
liquids, the laws which regulate the variation in volume 
under changes of pr^ure are very complicated, and vary 
almost with each individual case, while those which 
regulate the relations of matter in the gaseous state aro 
very simple, and are universally applicable to all per- 
manent gases and their mixtures. In all permanent 
gases, the relation between the volume which the gca 
occupies at tlie mine temperature is inversely as the 
pressure. This is to say, that if we have any space which 
contains any volume of gas, and we double the pressure 
upon that space, the gas will only occupy half the volume 
which it did at first, and if we halve the pressure, the 
volume assumed by the gas will be double tiiat which it 
formerly occupied. If we increase the pressure four-fold, 
the volume assumed by the gas will be only one-quarter 
of its former volume, and if we diminish the pressure 
eight-fold, the volume occupied will be eight times as 
great. This law is termed the law of Boyle or Mariotte, 
from the two experimenters who discovered it indepen- 
dently. This law is found to hold good within all ihe 
Umits where a mass of matter remaL in the perfectly 
gaseous condition; and from the fact that under the 
alternate action of inci^eased and diminished pressure all 
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gases immediately alter their volumes in accordance with 
this law, it is assumed that they are perfectly elastic 

134. Gas under Change of TemperattJi/re, — Like both 
solids and liquids^ gas undergoes a change of volume 
when subjected to changes of temperature, but, unlike 
them, it is much greater for any given change of tempera- 
tare, and quite constant in its action, whatever may be 
the nature of the gas, and whether it is purely of one kind 
or a mixture. In this respect gases dijQer entirely from 
both solids and liquids. The law which regulates the 
relation between temperature and volume in all gases 
may be stated thus — The volume of a given mass of gas, 
when under a constant pressure, varies directly as Hie 
absohUe temperatu/re ; or, in other words, when under a 
constant pressure, the volume of a gas, within all limits 
where it continues to be a gas, varies by the same fraction 
of itself, when heated or cooled, by the same number of 
degrees of temperatm*e. If the temperature is raised, the 
volimie increases, and if it is lower^, it decreases; This 
law is called the Lato of Charles, but also sometimes that 
of Gay-Lussac or DaUon, For air, which may be taken 
as the type of a permanent gas, the increase in volume 
firom the freezing point at 32^ Fahr., to the boiling point, 
at 212^ Fahr., is from 1 to 1-3665, so that if we heat a 
given volume of air under a constant pressure from the 
freezing point to the boiling point, or through 180^ Fahr., 
we shall increase the volume which it occupies by more 
than one-third of its original volume ; and if we cool any 
permanent gas through 180^ Fahr., we shall diminish its 
volume by more than one-third of the original volume. 
Exactly stated, the degree of expansion or contraction by 
being heated or cooled 1^ Fahr. is ^^th part of the 
origmal volume of the ga& 

135. Weight of Gases. — From the great fluidity and 
expansibility of matter when in the gaseous condition, it 
would almost seem as if gases would not be influenced 
by the action of the gravitating power of the earth in the 
same way as solids or liquids ] but it has bQQiico\^&V;\s^^ 
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proved that all gases possess a definite weight, and are, 
therefore, acted upon by gravity just in the same way as 
the denser forms of matter. The weight really depends 
upon the mass of matter which occupies the volume 
which is selected to be operated upon, and, as we have 
seen, this volume depends both upon temperature and 
pressure, it is necessary to compare all gases with each 
other at a constant standard of temperature and pressure. 
In this country the standard temperature is the freezing 
point of water, which is 32^ Fahr., and the standard 
pressure the average pressure of the atmosphere at the 
sea level, which is represented by the weight of a column 
of mercury. 30 inches in height, and corresponds to a 
pressure of 15 lbs. per square inch. Under these condi- 
tions, 100 cubic inches of air weigh 32*3 grains avoirdupois, 
while the same volume of hydrogen, which is the lightest 
known gas, weighs only 2*14 grains, and the same volume 
of carbonic acid 52*9 grains. This weight is obtained by 
taking a vessel of known capacity, say 100 cubic inches, 
and exhausting the air out of it by means of an air-pump, 
and then weighing it. It is then filled with either air or 
any other gas which is required, and weighed again. 
The increase in weight will correspond to the weight of 
that volume of gas. 

136. Pressure exerted by Gases. — Every gas, from the 
very nature of its repulsive power amongst the molecules, 
exerts a pressure upon its own molecules, and this 
pressure is also exerted upon every part of the containing 
vessel, in the same way as we have already seen to be the 
case with liquids. On account of the much less density 
of gases, as compared with liquids, however, in small 
confined spaces, we may consider the force of gravity to 
be inoperative, and the pressure to be the same in every 
part of the containing vesseL In the case of liquids, we 
have already seen that the pressure on the bottom and 
sides of any containing vessel increases rapidly as the 
depth of the liquid, or, what is the same thing, the height 
of the column of liquid increases, because if we consider 
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the column to be divided into horizontal layers, those 
beneath have to support^ those which are above* The 
pressure in the same layer is the same in every direction, 
but it varies in every layer. In the same way, when we 
have to consider large volumes of gas, such as the atmo- 
sphere which surrounds the earth, we are obliged to take 
into account the fact that in a gaseous, as in a liquid 
column, the lower layers have to support the upper, 
and the pressure is not the same in any part of the 
column, when taken upwards or downwards. The pres- 
sure at the bottom of the column of gas increases 
with the height of the column, and on the same area 
is quite independent of the form of the containing 
vessel 

137. I%e Atmosphere consists of a vast ocean of gas, 
which surrounds the earth on every side, and which 
practically consists of two chemical elements, which are 
called oxygen and nitrogen. The oxygen is a gas which 
supports Hfe and combustion, and the function of the 
nitrogen, so far as life is concerned, seems to be to dilute 
the oxygen, and prevent its action from being too 
energetia By weight, the air consists of oxygen, 23 
parts, and nitrogen 77 parts, and by volume, 20*8 parts 
to 79*2 parts. The action of gravitation keeps the atmo- 
8i)hcre round the earth in the same way that the waters 
of the ocean are kept in the bed of the ocean, and as a 
consequence, the pressure of the air decreases as we 
ascend upwards from the surface of the earth. At the 
outer limit of the atmosphere, however far upwards it 
may extend, the expansive force of the molecules is 
balanced by the attraction of gravitation, so that it does 
not extend to an indefinite distance from the surface of 
the earth. At the surface of the earth the pressure of 
the air is very great when taken over any extended area, 
as may be easily proved by taking any vessel, such as a 
glass jar with an air-tight membrane stretched over the 
neck of the jar, and exhausting the air out of it. Long 
before all the air is removed, the difference in ^resienx^ 1 
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between the outside and inside will bend in the mem- 
brane, and finally rupture it with a loud report 

138. TTie Barometer, — ^This is an instrument which, 
in its various forms, enables the pressure of the air to be 

measured. In its simplest form, it con- 
sists of a long stout glass tube, about 
40 inches in length, and closed at one 
end, as at Fig. 34. This tube is in- 
verted and filled with mercury, and 
then, by stopping the end of the tube 
with the thumb or other means, it can 
be again inverted with the open end 
down into an open vessel containing 
mercury. When this is done, it will 
be found that the column of mercury 
falls in the tube for a certain distance, 
and then remains stationary, leaving 
an empty space between the top of the 
closed tube and the surface of the 
mercury in the tube. This space is 
termed a Torricellian vacuum^ and is 
one of the most perfect which can be 
obtained. This column of mercury in 
the tube varies in height at different 
times, and also always decreases in 
height when the apparatus is carried 
upwards from the surface of the earth, 
as in the ascent of a balloon or the 
climbing of a mountain. This arises 
from the fact that as there is a vacuum 
Fig. 34.— Barometer, ii^ the top end of the tube, the column 

of mercury is balanced by a column of 
air of equal diameter extending to the limit of the atmo- 
sphere, and of course, as we ascend this equiponderant 
column becomes less, and therefore the mercury ^Is; 
while, if we descend, the equiponderant column becomes 
higher, and the mercury rises. At the sea-level, when 
the temperature is about the freezing point, the height of 
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the mercury column is about 30 inches, and the weight 
of this column becomes the measure of the pressure or 
weight exerted by the equiponderant column of air. A 
column of mercury of this height, and having an area of 
one square inch, weighs about 15 lbs., and hence we say 
the pressure of the atmosphere is about 15 lbs. to the 
square inch on the whole surface of every object upon 
which it presses. If a liquid less dense than mercury is 
employed, the height at which the column of liquid 
witiiin the tube will stand is proportionally increased. 
Thus water is about 13^ times lighter than mercury, 
and if we employ it instead of mercury, the tube will 
require to be much longer. A column of mercury of 
30 inches will be about equal to a column of water 32 
feet high. Such a column, when employed as a water 
barometer, is much more sensitive, since it rises or falls 
a foot for every inch of variation in the mercury baro- 
meter, but its great length renders it very cumbersome, 
and it is only seldom used. The total pressure of the 
air upon objects at the surface of the earth is very great 
Thus, the weight pressing upon the surface of the body 
of an ordinary-sized man is in the aggregate from twelve 
to fourteen tons, but as the air penetrates the body, there 
is an equal pressure acting outward, which prevents this 
from being felt. The height of the column of air is con- 
tinually varying from different causes, and hence the rise 
and fall of the column of mercury in the tube become the 
measure of the variation in pressure of the atmosphere ; 
and thus, if the tube is graduated into inches or other 
divisions, the lise and fall of the column can be registered. 
The variation in pressure of the air is usually accom- 
panied by meteorological changes, and hence the rise or 
fall of the barometer, when taken in conjunction with 
the direction of the wind and the changes in temperature, 
becomes a trustworthy guide for changes in the weather. 
For very small variations in atmospheiic pressure, the 
rise or fall in the mercury column is so smtdl that it can 
only be detected by very close observation) «EA\i'etL<5fe ycw 
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practice, especially where great accuracy is not required, 
TariouB means are employed to increase tlie magnitude of 
the motion. One of Uie most common is to turn the end 
of the barometer tube upwards at the bottom, ao that the 
cistern or supply of mercury for the column to rise or 
foil upon is of about the same diameter as the tube, and 
upon the surface of the mercuiy a small float is placed, 
which carries a cord over a wheel, that works a pointer, 
like the hand of a clock. The clock-face can be made 
any required sizc^ so that a very small angular deviation 
will give a very lat^e division on the oircnmference of 
the diaL Such an instrument as this is called, a wAmI 
barometer. Since the barometer rises and falls wiUi 
increase or decrease in the elevation above the snr&ce (J 
ttie earth, the barometer can be used for determining the 
height of mountains and ^e depth of mines, A mercuiy 
column is, howerer, 
not easily carried, and 
hence a di^reat in- 
Btrument has been 
constructed, which is 
&i more portable, and 
which is called Uie 
an«rouJ barometer. It 
consista of a vacuous 
cylinder, or other 
1 shaped cavity, the 
walls of which are 
made of very thJn 
elastic metal, and as 
the pressure of the 
outside air acts upon 
the wallsof this cavity, 
they are forced in or 
expand outward as 
thepressore increases 
or diminishes, and a suitable means is employed to enable 
this motion of the walls of the cavi^to be o~ ' '' 
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to a hand like that of a clock or of the wheel barometer, 
and thus the variation is recorded. The scale of this instru- 
ment is corrected with the rise and fall of the mercury 
ooluinn under similar circumstances, and thus the aneroid 
is practically available for every purpose to which we can 
i^ply the ordinary barometer. Fig. 35 is an illustration 
of an aneroid barometer, where the vacuous vessel is 
made in the form of a hollow circular ribbon, the ends 
of which are connected with the recording mechanism. 

It is usual for the small aneroid barometers to be 
graduated for the measurements of height or depth as 
well as for meteorological purposes, and as this scale can 
be set to zero at any time, the height or depth above any 
given level can be read off at once as the journey is 
progressing. 

139. The Air-Pwrnp, — In consequence of the great 
elasticity of the air, it can be pumped out of any space 
by the action of suitable apparatus, and a partial 
vacuum produced in the containing vessel. We say 
partial, because no means at our command enables us to 
produce an absolutely perfect vacuum, where no trace 
whatever of air or other gaseous body is found. When 
a vacuum is thus produced, the surrounding air exerts a 
pressure of about 15 lbs. per square inch upon the whole 
area of this vessel, which is not the case under ordinary 
circumstances, because the pressure of the air is exerted 
inside as well as outside of any vessel to which it has 
access, and the two pressures balance each other. 

Within the vacuous vessel, any two bodies which 
differ in density, such as a feather and a sovereign or 
ball of lead, fall to the ground with equal velocity, 
because they are unimpeded by the friction of the air, 
which acts differently upon them. The sound of a bell 
rung within the vacuum is unheard, because there is no 
air to communicate the sound of the vibration to the 
ear. A closed bladder with the smallest quantity of 
air remaining within it will, in this vacuum, expand 
as if it were full of air, and a bird or any small animal 
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wbich may be introduced will die, and a candle be 
extinguished. 

The production of a vacuum within the cylinder of a 
steam-engine, by the condensation of the steam in the 
condenser, increases the pressure on the opposite side of 
the piston just in proportion to the peifection of the 
vacuum up to 15 lbs. per square inch, and thus increases 
the efficiency of the engine and the economy of its 
working. In actual practice, even under the most 
favourable conditions, the vacuum in the condenser 
seldom exceeds 12 to 13 lbs. per square incL The action 
of all lifting pumps depends upon the £stct that the 
removal of the liquid out of the barrel of the pump by 
the bucket produces a partial vacuum, and the pressure 
of the air upon the surface of the water in the well or 
vessel out of which it is being pumped forces up a fresh 
portion of liquid to the under surface of the bucket, ready 
for the return stroke. This is the reason why a single 
pump will never draw water when placed above a certain 
height above the surface of the water in the well or river 
out of which it is to be drawn. Upon this principle also 
depends the action of the ayphovh^ which consists of a 
bent n-sh&p^d tube with unequal legs, and which, when the 
shorter leg is pla<;ed in any vessel containing liquid, wiU 
draw off the liquid over the side of the vessel whenever a 
vacuum is produced in the longer tube. The liquid will 
rise by the atmospheric pressure over the bend into the 
longer leg, and as it is continually falling out at the 
bottom of the longer tube, it also continuously produces 
a vacuum, which raises a fresh portion of liquid over the 
edge of the vessel. 

140. Miocture of Oases. — ^We have already seen tiiat 
when liquids of different densities, which have no chemical 
action upon each other, are mixed together, they only 
assume a condition of equilibrium when they have 
arranged themselves in the order of their densities, 
decreasing from the bottom of the vessel upwards. On 
account of the perfect mobility of the molecules of all 
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permanent gases, and tbeir great elasticity, whenever they 
are mixed together in any proportion, no separation 
takes place, but equilibrium is established by the mixture 
of the various gases, in such a manner that each part of 
the total volume contains equal parts of each of the 
gases composing the mixtura In addition to this, the 
total pressure which is exerted upon the walls of the 
vessel which contains the mixture is the exact sum of 
the individual pressures which each of the component 
gases would have exerted if they had separately occupied 
the vessel. 

141. Transfusion of Oases, — If two gases which 
possess different densities, such as oxygen and hydrogen, 
are placed in two separate vessels which are connected 
by a small tube, it will be found, after a time, that 
they have become entirely mixed, and an equal por- 
tion of each gas will be found in each vessel. When 
this mixture has once occurred, the gases never separate 
again in the order of their specific gravities Oases 
transfuse into each oUier according to a law of velocity 
which varies as the inverse ratio of the square roots of 
their respective densities, so that a lighter gas will pene- 
trate into a heavier gas with greater velocity than the 
heavier penetrates into the lighter. In consequence of 
this, if we surround a porous vessel containing a gas, such 
as hydrogen, by an atmosphere of a denser gas, such as 
air, the hydrogen will pass through the porous walls of the 
vessel with greater velocity than the air can pass in, and 
the pressure will fall within the porous vessel, and the 
partial vacuum produced can be made to raise a column 
of liquid. The height to which this column rises becomes 
a measure of the energy with which the gases transfuse. 
The gases, indeed, act like a vacuum to each other, and 
it has been found, in the case of hydrogen, that it pene- 
trates through a thin porous membrane, or septum, into 
a vacuum with the same absolute velocity that it does 
into air. Upon this diffusibility of gases into each other 
depends the constant composition of the atay(^\k!sc^^ 
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w^hich is identically the same whether taken at the smfaoe 
of the earth or the top of the mountains — amidst the 
crowded cities or in the sandy desert 

142. Absorption o/Crciaea, — ^Not only do gases possess 
the power to interpenetrate each other, but also to enter 
the pores or molecidar interstices of both liquid and solid 
bodies. Different substances, however, differ very widely 
in this respect, and also in the quantities of gas which 
they can absorb, even under the same conditions of 
temperature and pressure. At the ordinary pressure and 
temperature of the air, water will absorb as much as 430 
times its own volume of ammonia gas, while it can only 
absorb the yf^th of its volume of nitrogen and the 
1000^ ^^ ^^^ volume of oxygen. Also the volume of 
gas which a given liquid will absorb is proportioned 
to the pressure on the surface of the liquid, so that 
with a double pressure a double volume of gas is ab- 
sorbed. Moreover it seems that the quantity of another 
gas which a liquid can absorb is independent of the 
nature and quantity of the gas which it already holds in 
solution. 

Solids also vary much in their power to absorb gases ; 
and a very notable instance occurs in the case of charooal 
when made from logwood, which can absorb as much as 
111 times its own volume of ammonia. Even metals 
possess this power ; and when platinum is in the spongy 
condition, and a jet of hydrogen is directed into it, tiie 
condensation within the pores of the platinum is sufficient 
to raise it to a red heat, which ignites the hydrogen if 
oxygen is also present. 
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CHAPTER IV. 

ACOUSTICS, INCLUDING THE NATURE AND LAWS OF SOUND. 

143. Propagation of Sound. — ^We have already seen 
when a bell is sounded within the exhausted receiver 
of an air-pump, that when due precautions are observed 
to prevent the propagation of the sound through the 
metal of the pump, no sound whatever can be detected 
by the ear. From this experiment it is quite evident 
that the air forms the medium through which the sound 
is propagated ; and from the fact that when a bell is 
sounded at a d^tance it takes a certain period of time to 
reach the observer, it is also certain that it is not propa- 
gated instantly. The velocity of sound, indeed, in any 
gas varies with the nature of the gas, being greatest in 
dense gases and slowest in rare gases. In air, at the 
temperature of freezing water, 32° Fahr., and the density 
represented by the mercury column in the barometer 
standing at 30 inches in height, the velocity of sound is 
about 1,093 feet per second; but there is reason to believe 
that a very loud sound, such as that produced by the 
firing of a cannon, is propagated more rapidly than a weak 
one. The velocity, as we shall afterwards see, increases 
with the increase of temperature, and also with the 
density of the body through which the sound is propa- 
gated. In water, sound travels 4,700 feet per second, or 
moi-e than four times as fast as in air, and through a rod 
of wood eighteen times as fast as in air, or with a velocity 
of very nearly 20,000 feet per second. 

144. Waves. — ^When an elastic body is compressed or 
extended in any part, the whole of the molecules which 
compose it are not affected at once, but the motion com- 
municated at the point of application is transmitted from 
molecule to molecule by a series of actions which but 
very slightly disturb each molecule out ot itA CQiidi\\kQtL <^1 
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eqnilibrinm, and yet tnnBmit tlie whole of the motioa 

forward. 

This action wUl be more easily nnderstood by reference 

to Fig. 36. If k nnmber of hard ivory balls are nw- 
pended by strings 
80 arranged that 
the balls eadi just 
touch the other, 
and an impulse 
be given to No. 1 
in the direction 
Bhowa by the 
arrow — which 
may be accom- 
plished by dr&w- 
ug No. 1 away 
from No, S, and 
permitting it to 
fall against So. 2 
under the action 
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of gravity — then No. 1 will give up its : 
2, and 2 to 3, until the lut ball, 6, is rea<dked, 
and as there is no other ball to commtmicate motion 
to, thin ball will fly off, as represented in tlie diagram. 
The energy of the first ball is, therefore, oommoni- 
cated to the last without any visible motion of iha 
intervening balls. The cause of this arises &om the 
&ct that when the first ball strikes the second, the mole- 
cules composing it are compressed together, and their re- 
action in returning to a condition of equilibrium com- 
municates the motion of compression and after expansica 
onwards, and thus the last ball, being unable to ro«ct 
upon any other, is itself moved forward bodily. If we 
take aa elastic cord and stretch it, by attaching one end 
to a hook or other convenient attachment, and hold die 
other end in the hand, and then give the cord oa np-and- 
down movement, we shall see the motion communicated 
aloi^ the cord ia a wave-like form to the attadied ew^ 
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and then, by a re-action, returned back again along the 
cord to the hand. If a series of beads be strung on to 
the string, they will move to and fro with the undulations 
of the cord, but will have no motion of progression along 
it. If the surface of a liquid is disturbed by dropping a 
stone or other solid into it, the equilibrium of the mole- 
cules which compose the liquid, such as water or mercury, 
is disturbed, and an area of depression produced, which 
is immediately followed by the production of a ridge of 
elevation around the area of depression, and this dis- 
turbance is propagated by a series of alternate depressions 
and elevations, which constitute concentric waves, which 
move outwards. The circular line marked out by any of 
the circular ridges is called a wave front ; and if any 
solid particle be floating on the surface of the liquid, it 
will be found that, although it falls and rises with the 
depression and elevation of the surface of the liquid, it 
has no motion onwards. The motion is propagated 
through the molecules of the liquid by a series of impulses, 
which cause the molecules to swing to and fro without 
any great displacement of the centres of motion. In the 
case of an impulse communicated to the molecules of a 
gas, it cannot be transmitted in the same way as in a 
solid or liquid, because there is not the same molecular 
tenacity, and the distances between the molecular centres 
are greater. Gases are, however, capable of assuming a 
wave motion, by means of which an impulse communicated 
to one part of the gaseous volume can be propagated 
through it. In the case of a cord or of the free surface 
of a liquid, the undulations which transmit the impulse 
are at right angles to the direction of the propagation of 
the wave motion, but in the case of gases the motion is 
communicated by a series of alternate condensations and 
rarefactions of the gas, which take place in the direction 
of the propagation of the impulse. In the case of impulses 
communicated to the interior of solids and liquids, when 
the free sur&u^e is hx removed from the point of applica- 
tion of the impulse, a similar method of wave proi^a^iaJLv^Yw 

L 
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also occurs. When sound-wavea are produced in air, 
their effect is to increase the temperature in those 
parts of the wave where compression is produced, and 
lower it where there is expansion. The condensed part 
of the wave, therefore, becomes more elastic, and the 
expanded part less elastic, so that they both cluinge their 
condition again with greater rapidity than they would 
have done if the temperature had in l>otb cases renuiined 
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the same. Thus, while the average temperature of tJie 
air remains the sam^ the velocity of the sound-wave is 
increased. 

145. Gauge of Sound. — The cause of sound is un- 
doubtedly the result produced on the air by the vibrati<ai 
rf the sounding body, for if we surround a bell with 
a number of suspended liglit balls, which just touch the 
edge of the bell, they are thrown into a state of violent 
ihythmic agitation whenever the bell is struck so as to 
produce a sound. We can also render the motion of a 
Boundii^ body visible to the eye in a very distinct and 
striking manner if we permit a ray of light, as in Fig. 37, 
to fsU upon a smaU mirror fixed on one of the arms of a 
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sounding tuning-fork, and then, by reflection at 5, pass it 
througli the lens c on to a dark screen. Here the undula- 
tion of the ray of light caused by the vibration of the 
arm of the fork forms an undulating luminous line. 
By combining the motions of two tuning-forks upon the 
ray of light, by successive reflection from the two vibrat- 
ing surfaces, some beautiful forms of undulation can be 
obtained. 

146, Nature of Sonorous Undulations, — The last 
illustration shows the difference in the nature of an 
undulatory motion and ordinary motion, such as that of 
a cannon-balL In the case of ordinary motion the whole 
body moves forward bodily, but in the case of undulatory 
motion the molecules of the body only move backward 
and forward about a mean place of motion ; and in the 
case of a sound-wave the condensation and rarefaction 
produced by the vibrating body in the air moves onward, 
but the molecules of the air itself have only a slight motion 
of displacement backward and forward. We can form 
the best conception of the nature of a sound-wave which 
is propagated from a sounding body in eveiy direction by 
imagining the sudden expansion of a small mass of solid 
matter within a volume of air whose molecules are at 
rest. The air all round the expanding solid will be 
thrust away from it in the form of a spherical shell, and 
driven into the space occupied by the surrounding air 
before it can be set in motion, and, consequently, there 
will be a sphere of condensed air momentarily round the 
expanding body. This condition can only be maintained 
for a very short interval of time, because the re-action of 
the air upon the expanding shell of condensation will drive 
the molecules back again, and farther back than their 
original position, so that there will be produced a corres- 
ponding shell of greater rarefaction than the air. This 
rarefaction will produce a larger area of condensation 
outside itself, and thus the effect will be the propagation 
outward of one chief shell of compression or condensation, 
followed by one chief wave of rarefactioii o^ xaxsLOci \^s«. 
L 2 
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intensity, both of which grow less and less intenBe as 
the^ are farther removed from the expajidin^ centre, and 
act upon a larger and larger shell of air. If we were to 
cut through such a sphere of condensing and rarefying 
air, we should have, ft we could render the effects visible, 
an effect produced something like that given in Fig. 38, 
where the two con- 
ditions follow each 
other in continually 
widening circles, 
which are propa- 
gated outwards to 
[ the limits of the air 
' other vibrating 
I medium This being 
case, it will 
easily be seen that 
the intensity of 
6ound, at any dis- 
tance from the 
centre of sound, u 
related to the dis- 
tance as the inverse 
square of that distance, because the areas of tiie sue 
cessive spheres are related to each other as the square 
of their radii, and the sound decreases m intensity in 
proportion to the area over which it is spread. 

The whole of a condensed and expanded wave forms 
what is termed an undxdatwn, while the space which the 
sound travels over during the time one undulation, or 
alternate expansion and contraction of the vibrahng 
medium, is being performed, is termed the length of the 
undulation. The degree of departure from the state of 
rest of the molecules of the vibrating medium, measured 
from the two maximum distances on either side of the 
point of rest, is termed the amplUude of the uitdulalwn. 
We have already seen that in a vibrating pendulum the 
time of vibration is quite independent of the size of the 
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arc through which it vibrates, and in the same way the 
time of vibration of the molecules of elastic bodies is 
quite independent of the extent of motion or amplitude 
of the vibration ; and thus we may have two sizes of 
waves, in both of which the wave length and velocity of 
propagation may be the same, although the extent of the 
vibration of the individual molecules may be yery different 
in the two. The length of the wave in sounding media 
determines the note or distinctive character of the sound, 
while the amplitude of the vibration determines the 
intensity of the sound. Hence we may have two different 
notes sounding with the same degree of intensity, or the 
same note with different degiees of intensity. 

147. Causes influencing the Intensity of Sound, — We 
have already seen that sounds decrea^se in intensity as 
we recede from the sounding body, and follow the law of 
the inverse square of the distanca The intensity of the 
sound is also much influenced by the nature of the 
medium through which the sound is propagated. Under 
the receiver of an air-pump, the intensity of a sounding 
bell decreases as the rarefaction of the air proceeds, and 
ceases altogether when a vacuum is produced. In the 
same way, the same bell sounded in the dense air of a 
valley is much louder than when sounded on the top of a 
mountain, and less at the same pressure in hydrogen gas 
than in air, because the density of hydrogen is only about 
•j^th the density of air. In the open air, sound is always 
more intense in calm than in windy weather, and when 
wind is blowing, more intense in the direction of the 
wind than in the contrary direction. The intensity of 
sound is also much increased by the proximity of other 
sounding bodies, because these are thrown into responsive 
vibration, and tend to increase the amplitude of the 
sound-wave. Hence the use of sound-boards or boxes in 
connection with musical instruments. 

148. Musical Sound and Noise, — When a sudden 
impulse is communicated to the air or any other vibrating 
m^ium, a sound is produced which has hq ^^xci^-^^j^^ 
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wave-length, and this, when it reaches the ear, is termed 
a noise, A noise may also be produced by a succession 
of sounds or wav^-lei^ths, which have no definite rehition 
to each other so far as time is concerned. If, however, 
the impulses which produce the sound occur at r^ular 
intervals, then the ear recognises the existence of a 
definite wave-length, because &e molecules of the vibrat- 
ing medium are definitely rhythmic, and produce a 
pleasing sensation ; and this we c&ll a musical note. It is 
found that a certain number of impulses must be given 
in a certain time before the ear can be sensible of musical 
sound, and that when these impulses exceed a given 
number in a siven time, then the ear asain loses the 
power to appreciate ^em. The ooml^cement of 
musical sounds b^ins when the number of vibrations 
reaches 32 in one second, and continues until the number 
reaches 8,132 in one second. The longer the interval 
between the impulses, the longer the wave-length, and 
this corresponds to the deepest bass notes, while the 
shorter intervals indicate shorter wave-lengths, and these 
correspond to the treble. The deepest bass, with 33 
vibrations in one second, has a wave-length of 32 feet^ 
while the highest treble, with 8,132 vibrations par 
second, has a wave-length of only 1^ inches. The ear in 
different individuals undoubtedly possesses a different 
power in the discrimination of these wave-lengths, so that 
one ear may be capable of receiving sounds which are 
inaudible to the other; but the wave-lengths given 
above mark the average range of sensibility of the 
human ear. 

149. D^erniiruUi(m o/ Number of Vilnxttiaru and Wave- 
length, — ^The absolute number of vibrations of the sonoi^ 
ous body which corresponds with any definite musical note 
can be determined by means of an apparatus, called after 
its inventor, Savart's Machine. Fig. 39 is an illustration 
of this macliine, where a large wheel A, when the crank 
M is turned, communicates motion by means of a band D 
to the toothed wheel b. Into the teeth of this idieel a 
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card E is fitted so that it is attached to the framework of 
the machine, and free to vihrate every time it is struck 
by tbe teeth of the reTolving wheel b. The namber of 
teeth being known, and the namber of reTolntionB which 
the wheel b makes in one second of time, it ia ea^ to 
calculate how many Tibratiooa the card makes during the 
same time, because this exactly corresponds to the niunber 
of times it is struck by the teeth. The machine is set in 
motion, and when the note given out by the vibrating 




Tig. Se.— SBTut'i Machine. 



card corresponds to the musical note whose wave-length 
or number of vibrations is required, then die number of 
revolutions of the wheel b in one second is determined, 
and this multiplied by the number of teeth, gives the 
number of vibilationa per second which correspond to this 
note. The velocity of sound being known in air, which 
we have already seen to be about 1,093 feet, we have only 
to divide this number by the number of vibrations per 
second, and it will give us the length or distance which 
corresponds to the wave-length of the note, and which ia 
really the distance travelled over by the sound during the 
time that one condensation and rarefaction of 4^e air takes 
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place. The same results may be obtained by means of an 
instrument called a Siren, where the musical note is pro- 
duced by the sudden escape into the air of a puff of 
wind, which is regulated by a suitable mechanism. A 
plate with a number of holes in it is caused to revolve 
over a fixed hole, from which the jet of condensed air is 
escaping, and as the velocity with which these holes in 
the plate pass over the air-opening is known, it is easy to 
calculate how many puffs per second correspond to a given 
note, and these represent so many undulations per second 
for that note. 

150. Vibration of Strings, — ^When a metallic or other 
string is stretched tight between two points, and a trans- 
vers^ vibration produced in it. by striking or pulling, a 
musical note is given out, the character or tone of which 
depends upon the nature, thickness, and tension of the 
string. When a simple string is caused to vibrate, the 
surface of the string is so small, and the points of contact 
with the air so few, that only a very slight sound can be 
produced ; but if the points with which the string is 
suspended are attached to a large, thin, and flat sounding- 
board, so that the vibi^tions can be communicated to a 
larger area, then the sound becomes loud and distinct. 
For this reason, all stringed musical instruments are 
provided with sounding-boards. The laws which regulate 
the vibration of strings are as follows : — 

(1) The rate of vibration is inversely proportional to 
the length, so that the longest strings vibrate the slowest, 
and the shortest strings the fastest. 

(2) The rate of vibration is invei'sely proportional to 
the diameter or thickness of the coi-d. 

(3) The rate of vibration is inversely proportional to 
the square root of the stretching weight, or tension. 

(4) The rate of vibration is inversely proportional to 
the square root of the density. 

The vibmtions of a string are like the oscillations of a 
pendulum, but they do not continue so long under the 
action ot the same impulse^ because the energy is more 
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rapidly expended upon the suspending points, and the 
molecular work performed within the string, than in the 
case of a pendulum which only has Motion against the 
air. The greater the mass of the string which is moved 
by the force of tension, the smaller is the velocity pro- 
duced, and therefore the vibration is slower. On this 
account the cords are made thicker in musical instruments 
for the bass than for the treble notes, and for the deepest 
notes are frequently wound round with thin brass or 
copper wire to increase their weight. 

A stretched wire may be made to alter the time of its 
vibration, and therefore the note which it will produce, 
by inserting a stop or rest at any point within the two 

A ^ A 




A C D 

Fig. 40.~ShowiDg Vibrutioirof String olamped at one-third of iti length. 

suspending points, which will divide the length of the 
wire into parts such that the ratio l)etween the point to 
which the stop is put and the end of the wire is repre- 
sented by any whole number, such as 2, 3, 4, 5, 6, <fec. 
Fig. 40 represents a vibrating string, where the two 
points of suspension are a and b, and the stop D is 
inserted at such a distance from b that BDistoBAasl 
is to 3, or one-third the total length. The string then 
vibrates as if it were only as long as d b, and the 
remaining portion of the string vibrates also in the 
same manner as if it had a stop at c as well as at d. 
When a string is vibrating in this manner, the points 
c and D are called riodes^ and the loops between them, 
which represent the amplitude of the vibration of 
the string, are called ventral segments, A small rider 
placed on the vibrating wire at c would remain on the 
wire, but in any other ^wsition except a node would be i 
thrown off. When a musical note is HOWiidm^Vvv ^vc Vc^tsv \ 
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the vibration of a string, or other means, it will excite 
sympathetic vibration in any string which may be present 
within the range of hearing; and which, if sounded, 
would give out the same fundamental note. This may be 
frequently noticed in the case of a piano where the stnngs 
vibrate, or ring in unison with sounds which are pro- 
duced in the room outside. This phenomenon is called 
resonance. 

151. Natural Scale of Music, — ^When any musical 
note is heard, there is always a series of other sounds, 
which, from the effect which they produce upon the ear, 
seem to be i-elated to it in such a manner that they pro- 
duce the sensation of harmony. These notes form a series 
which are connected with the fundamental, or key-note, in 
a series of eights or octaves, so that the eighth of one 
series forms the £rst of the next, and the eighth of any 
series produces the same mental effect as the first. Upon 
this law depends the whole of the science of music, which 
is produced from certain sounds as key-notes, with all 
their variously associated sounds harmoniously arranged. 
When the length of any string is taken, which gives a 
key-note when caused to vibrate, one-half the original 
length produces the octave, that is, double the number of 
vibrations which produced the original note ; two-thirds 
of the length makes three-seconds of the original number; 
and three-fourths of the length makes four-thirds of the 
original number, &c. In consequence of this law, in 
instruments of few strings, such as the violin, a great 
variety of notes can be produced by pressing the strings 
with the fingers upon the finger-board of the instrument, 
and thus allowing various lengths to vibrate. The key- 
note, with its octave and six intermediate notes, is called 
the natural musical scale, or gam/ut, and also sometimes 
the major or diatonic scale. 

152. Overtones, — Whenever any string is vibrating 
as a whole, or from its total length, it also usually divides 
into aliquot parts, so that there is always a series of 
smaXieT vibrations superimposed on the larger, and the 
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tones which correspond to these smaller vibrations 
mingle with the fundamental or key-note, which is pro- 
daced by the vibration of the string as a whole. These 
additionietl notes are called harmonics, or overtones. The 
production of these overtones is one of the chief causes 
why musical notes of the same pitch and intensity, but 
obtained from different sources, differ so much in 
character, or what is sometimes called timhref or 
qitcUUy. 

153. VUn'atvng Plates, — ^When thin metallic plates 
are made to vibrate by a blow, or other energy communi- 
cated to them, they emit a musical sound, and perform a 






Figs. 41, 42, 43.— Vibrating Plates. 

series of vibratory movements when sounded in different 
ways. These vibrations, and the nodal lines about which 
the various parts of the plate vibrate, can be very 
distinctly seen by fixing the plate at various points, and 
causing it to vibrate in different ways by drawing a violin 
bow across the edge of the plate. The surface of the 
plate must first be covered over with a very thin layer of 
fine sand. When the plate is caused to vibrate, the sand 
accumulates on the nodal lines, because there is no 
vibration there, and by touching the edge of the plate 
some very beautiful figures may be obtained, as seen in 
Figs. 41, 42, and 43. 

154. Vibrating Hods, — ^A rod which is fixed at both 
ends vibrates in exactly the same way as a wire, and 
divides itself in the same manner, so that it can either 
vibrate as a whole or in a series of ventral segments^ -^ 
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which are separated by nodes, but the rates of vibration 
and succession of tones are different. 

A rod fixed at one end may also vibrate either as a 
whole or in segments, and a tuning-fork is constructed 
upon this principle. When the fork is vibrating in 
segments, the succession of tones is the same as in a rod 
free at one end, but the nodes are different. The musical 
box is constructed on this principle, where the teeth of 
the comb are pressed down by the action of a succession 
of points arranged in proper order on a revolving cylinder, 
and the vibration of these teeth, when released, produces 
the musical notes required. 

When a rod is free at both endsj it gives its funda- 
mental note when clamped in the centre, and the wave- 
length is double the length of the rod, while the rate of 
vibration is the same as that of a rod of the same length 
fixed at both ends. 

155. Vibration of Columns of Air, — When we take 
a tall jar filled with air, and Jiold a tuning-fork over the 
mouth of the jar when in a state of vibration, 
we have the sound of the fork increased by 
means of resonance. This sound increases or 
diminishes with the length of the column of air 
in the vessel, and it is found that the maxi- 
mimi intensity of the sound occurs when tiie 
length of the column of air is one-quarter of 
the wave-length of the fork. The nature of 
the material which forms the jar enclosing the 
vibrating column of air has no effect upon the 
piteh of the note, which is entirely dependent 
ujx)n the vibration of the column of air itself. 
This is the principle upon which all wind 
instruments, such as organs, &a,are constructed, 
where the notes produced are determined, not 
by the material of the pipes, but by the length 
Or^ pipe, aiid character of the column of air which they 
contain. Fig. 44 gives an illustration of an 
ordinary organ-pipe, where the current of air is forced up- 
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ward from the bottom, and in passing outward in a slant- 
ing direction, strikes against the lip 5, and is made thus 
to issue from the opening 5 o in a succession of pulses or 
waves. These pulses will no doubt differ greatly in cha- 
racter, but one of them will correspond in wave-length 
with the column of air vibrating within the closed pipe, 
and will thus be selected out from the rest, and exalted by 
resonance into a musical sound. The primary note in such 
a closed organ-pipe is always found to be that of which the 
half wave-length is twice the length of the pipe, or the 
full wave-length, as we have seen in the case of the tuning- 
fork and jar, four times the length of the pipe. The air 
within the pipe, therefore, is in a condition such that the 
greatest amplitude of vibration is at the lip, while the 
top of the column is stationary ; so that the pulse which 
is exalted is that which performs half a complete vibra- 
tion in the time that the sound travels from the bottom 
to the top of the pipe, and back again to the bottom. 
When an open organ-pipe is used instead of a closed one, 
the condition of the air within the pipe is very different, 
since the greatest amplitude of vibration is at each end 
exactly the same as the vibration of a rod free at each 
end, and vibrating longitudinally. The wave-length pro- 
duced by such a pipe is, therefore, only half that which 
would he produced by a closed pipe of the same lengtL 
In the construction of organs, this law acts very con- 
veniently, because it enables notes which require a long 
wave-length, such as 32 feet, to be produced by a pipe 
which is only 16 feet long, and thus much space is 
economised. 

156. TJie Human Voice, — The human voice is really 
produced by the existence of a natural organ-pipe 
within the throat The upper part of the wind-pipe 
terminates in the larynx^ which is a membranous cavity, 
which tapers towards the top, and terminates in a small 
slit called the glottis. The membranes which enclose the 
glottis are acted upon by a series of muscular bands, 
which are termed the vocal cords, and which^ whea 
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operated upon by the will, brace up the membranes to 
any required tension. A small lid or flap, called the 
epiglottis^ covers the opening of the glottis, and prevents 
food from passing into the wind-pipe when food is taken. 
When the voice is used, a blast of air is ejected from 
the lungs, and the tightened membranes of the glottis 
are thrown into vibration, and thus sound or voice is pro- 
duced. The tension of the vocal cords is greatest when 
high notes are being produced, and least for the lowest 
notes. In the mouth, which acts as a resonant cavity, 
the sound is modulated by the action of the throat, 
tongue, and lips, and thus we are able to mix together 
the fundamental note, and the overtones in different 
proportions, and produce all the variation which is so 
chai*acteristic of human speech. 

157. Interference of Sound, — If the surface of a pool 
of still water be thrown into waves by the dropping of a 
pebble into it, and another system of similar waves be 
produced simultaneously, it will be found that wherever 
these two systems meet each other, in such a manner that 
the crest of one set of waves corresponds with the hollow 
of the other, an area of calm is produced by the mutual 
destruction of the two wave-systems ; and wherever they 
coincide with each other, crest with crest, and hollow witii 
hollow, an increased wave-height is produced. In the 
same way, when in two systems of sonorous waves con- 
densation coincides with rarefaction, there is a mutual 
destruction of sound, and silence is the result : and when 
condensation coincides with condensation, and rarefisM^on 
with rarefaction, an exaltation of sound is the result 
This destruction of sound may easily be heard by causing 
a tuning-fork to sound, and turning it round vertically 
at a short distance from the ear. Four points will be 
observed where the sound is almost inaudible, and four 
where the sound is greatest, and this arises from the 
mutual interference of the alternately condensed and 
rarefied wave which is produced within and without the 
proDga of the fork. This effect may be very much 
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increased by turning the fork round horizontally over the 
mouth of a jar which contains a resonant column of air. 
The same cause produces the beats which are heard when 
organ-pii>es, or other sounding bodies produce wave- 
lengths, which at certain intervals of time coincide with 
each other as above, and thus produce silence. The 
number of beats which will occur in any given time is 
always equal to the difference between the number of 
vibrations of the sounding bodies in the same time. 

158, Reflection of Sound, — When sound-waves are 
brought into contact with hard and dense surfaces, they 
are reflected back again in the same way as light from 
the surface of a mirror. This is often observed in large 
empty rooms, where the sound-waves are propagated 
bad^wards and forwards, since there is no furniture or 
other objects to absorb the sound, and thus an unnatural 
exaltation of the voice seems to take place. This is also 
the cause, often experienced in large public halls, of the 
difficulty of hearing the speaker, because the reflected 
sounds and direct sounds reach the ear together, and 
thus produce either interference or confusion in the ear. 

When a regular reflection of the sound is returned, we 
have the production of what is termed an echo^ where one 
or more syllables are returned from a long distance with- 
out confusion. This only occurs when the reflected sound 
reaches the ear one syllable behind the direct sound. 

When sound-waves are reflected from concave sur- 
&oes, they become concentrated, like the rays of light in 
the focus of a concave mirror, and are thus exalted in 
intensity. The beat of a clock, or tick of a watch, placed 
in the focus of a concave reflector, can thus be heard at 
a great distance when the ear is placed in the focus of 
a similar reflector placed opposite to it. The constant 
reflection of sound within the surfaces of smooth tubes 
also enables sound to be transmitted to a great distance 
with perfect distinctness, and it is on this principle that 
speaking-tubes are constructed. Sound-waves can also be 
gathered up by continual reflection fromsiuta.blftsvrdaR«a.^ 
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and the energy of the sound-waves made more available 
by being concentrated on a smaller bulk of air. We have 
an instance of this in the ear-trumpety used by deaf 
persons, and the stelftaseopej used by surgeons to listen to 
the action of the heart and lungs. In the latter case, 
part of the sound is conducted through the material ol 
the instrument. 

159. The Far. — So far as man is concerned, the 
appi'eciation of sound depends upon the possession of a 
wonderful organic structure — the ear. It really consists 
of three parts — the outer, the middle, and the inner ear. 
The outer ear consists of a large gathering sarfaoe^ 
which is called the conc/io, and which terminates in a 
tube entering the side of the head. At the termination 
of this tube, a thin vibratory membrane, called the 
tymjKinum, or druniy closes the outer ear. A series of 
bones, which are suspended in such a manner that they 
are free to move with the vibi-ation of the tympanum, 
are contained within the cavity of the middle ear, and 
transmit the motion onward to the labi/ritUhy which con- 
stitutes the inner ear. This labyrinth consists of a series 
of branching and convoluted chambers, which are filled 
with fluid, and over the surface of which the terminal 
fibres of the nerves which commimicate with the brain 
are distributed. Large numbers of small crystalline 
particles float in the liquid in one part of the labyrinth, 
and in other parts between the nerve-fibres are disposed 
very fine elastic bristles, which terminate in shai-p points. 
Lastly, within the labyrinth is a wonderful organ« which 
is really a stringed instrument with 3,000 strings, so 
arranged as to accept vibrations of difierent periods, 
and transmit them to the nervous filaments which tra- 
verse the sur£eu>e to which they are attached. The sounds 
wliich reach the ear from the outer world are thus taken 
up by these floating bodies — ^vibratory hairs and tense 
strings — and, however complicated the sound may be, it 
is analysed by this wonderful mechanism, and transmitted 
to the brain. 
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CHAPTER I. 
LIGHT, INCLUDING A SKETCH OF PHYSICAL OPTICS. 

160. Nature of Light, — Light is the agent which, by 
acting upon the retina of the eye, excites in it the sensa- 
tion of vision, and thus renders objects external to the 
body visible. That this agent, whatever it may be, is 
thrown off from the surface of luminous bodies in every 
direction was known to the ancients, but it is only 
within comparatively modern times that any attempt has 
been made to account for the phenomenon. Two different 
theories were suggested about the time of Newton, and 
within a recent period a third They may be termed- 

The Corpuscular, or Emission Theory. 

The XJndulatory, or Wave Theory. 
[3) The Electro-Magnetic Theory. 
1) The Corpuscular Theory, which was originally pro- 
pounded by Newton, supposes that light is the result of 
the emission fi'om all luminous bodies of an enormous 
number of minute particles of imponderable matter which 
are moving with immense velocity, and which, by their 
impact upon the retina of tlie eye, excite the sensation of 
vision. Some of the pheBOweoa exhibited by luminous 
rays, however, cannot be exj^tmadi in any way by this 
theory, and it is now, therefore^ oCHiBklered untenabla 
(2) The Undulatory Theory 8ii|^poBes that light 
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is the result of a series of waves, or undulations, which 
ai*e produced by the action of luminous bodies in an 
exceedingly rare medium, which fills all space and inter- 
penetrates the molecular interstices of all matter, sur- 
rounding the molecules with an atmosphere which fills 
up all the intervening spaces. To this exceedingly 
rarefied and highly elastic medium the name of luminir 
feroua ether — or more simply, ether — has been given. The 
molecules of all luminous bodies are supposed to be in a 
state of the most rapid vibration, and as they are sur- 
rounded by this all-pervading ether, they generate in it a 
series of undulations, or waves, which are propagated 
from the luminous centre in every direction with enormous 
velocity. The sensation of vision is thus the result of 
these undulations of the ether falling upon the retina of 
the eye, in the same way as the undulations of the sound- 
waves in air produce the sensation of hearing in the ear. 
The difference in the nature or colour of light depends upon 
the length of the waves, or undulations of this ether, and 
the intensity of the light upon the amplitude of vibra- 
tion. The average length of the wave of a ray of white 
light is about tf.^oo*^ of an inch, and the number of vibra- 
tions of the ray, or passages of the molecules of the ether 
from a state of motion to rest, about 588,000,000,000,000 
(five hundred and eighty-eight millions of millions) per 
second. Athough there are many difiiculties connected 
with the acceptance of this theory, so far as the nature of 
the ethereal medium is concerned, yet the perfect success 
with which it explains all the varied and complicsited 
phenomena produced by the action of light has won for 
it an almost universal acceptation, and it is now the 
foundation upon which the whole science of optics is 
based. 

(3) The remarkable coincidence between the velocity 
of light in air and the velocity of electro-magnetic induc- 
tion in air and other gases, led Professor Clerk Maxwell 
to suggest that light itself is prolmbly an electi-o-magnetic 
disturbance, and is propagated through space by a series 
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of tensions along the lines of force and pressures at right 
angles to them. The relationship which can thus be 
shown to exist between electrical and luminous phe- 
nomena, which in actual practice is found to be so close, 
and the fact that it enables a mathematical explanation 
to be given of some effects which are exceedingly difficult 
to account for by the undulatory theory, give this hypo- 
thesis considerable weight. It also explains one of the 
great difficulties connected with the supposed constitution 
of the luminiferous ether, which seems to require that 
none of its elementary molecules — or whatever may form 
its ultimate structure — can be supposed capable of inter- 
changing places in space when transmitting luminous 
impulses. 

161. Luminous Rays. — In eveiy homogeneous me- 
dium light is always propagated in a straight line, and 
the smallest pencil or portion of disturbed ether which is 
capable of exciting the sensation of light is termed a 
luminous ray, or ray of light. When a number of these 
rays are proceeding from a luminous body, in such a 
manner that they are parallel to each other, they are 
termed parallel rays; when they separate from each 
other farther and farther as they proceed onward, they 
are termed divergent rays; and when they continually 
approach each other they are termed convergent rays, 

162. Light in relation to Matter, — Whenever any 
solid matter is interposed into the path of a luminous 
ray, one of three events occurs. 

(1) The ray of light is stopped in its progress, and 
cannot be seen behind the body, in which case the body 
is termed opaque, or non-transparent, such as wood or iron 

(2) The ray of light is dimly seen through the inter- 
posing body, and it is thwefore termed translucent, such 
as ground glass or horn. 

(3) The ray of light passes through the object, and 
the image of any other object is transmitted through it 
unchanged. In this case we term the body transparent, 
or diaplianous 

M 2 
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163. Velocity of Light, — The ancients thought that 
the ti-ansmission of light was instantaneous, and it was 
not until the year 1675 that observations made by Boemer 
upon the satellites of Jupiter showed that a certain time 
was required for the light emitted from the surface of 
these bodies to traverse the immense distance across the 
orbit of the earth. From these observations, it was sup- 
posed to move with the astonishing velocity of 192,000 
miles per second, or equal to eight times round the cir- 
cumference of the earth at the equator. The distance of 
the earth from the sun being known more exactly now 
than at that time, it has been necessary to correct this 
velocity, and it is now found by this method to be about 
186,000 miles per second. This determination agrees 
very closely with the velocity ascertained by a more 
direct method of measurement taken over short terrestrial 
distances. This has been undertaken by several observers, 
and the general method employed has been as follows : — 
A toothed wheel is so arranged that a ray of light 
will pass through the interval between two teeth, and 
passing forward to. a mirror, be reflected back again 
between the same teeth. If, however, the wheel is set in 
motion with such a speed that the ray of light, reflected 
back from the mirror, strikes not the interval between 
the teeth, but the next tooth, and thus is cut off from the 
eye of the observer, it is quite clear that the ray of light 
must have travensed twice the distance from the wheel to 
the mirror during the interval of time required by the 
wheel to move forward one tooth. The velocity of the 
wheel is then increased until the ray becomes visible in 
the next opening, and therefore the double journey from 
the wheel to the mirror and back to the wheel must have 
been pel-formed -43y the ray in the time required by the 
wheel to pass forward from one interval to the other. The 
velocity of the wheel being known, this interval of time 
is also known, and the velocity of light is thus deter- 
mined for the space between the wheel and the mirror, 
and, therefore, for any other spaca Exact measurements 
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by this and other methods determine the velocity to be 
pix)bably a little over 186,000 miles per second. The 
velocity of light produces a curious effect upon the ap- 
parent positions of the heavenly bodies when observed 
through the telescope. The combined motion of the 
earth in its orbit and the velocity of light emanating 
from a star necessitate that the telescope, in order to 
view the star, shall not be pointed directly to the star, 
but in an inclined position, so as to allow for the change 
in the direction of the ray resulting from the combina- 
tion of these two motions. This phenomenon is called 
aherration. From observations made upon this aberra- 
tion, the velocity of light has been deduced, and agrees 
very closely with the result given above. 

The velocity of light varies with the medium through 
which it is passing — ^being greatest in rare bodies, and 
least in dense bodies — so that light is retarded in its 
passage even through a transparent pane of glass. The 
determination of this fact settled the question whether 
the corpuscular or the undulatory theory of light was 
correct, because the former required the velocity to be 
greater in glass than in air. The undulatory theory 
requires that the ethereal medium in which the waves 
are formed should also vary in different bodies, being 
the most dense in rare bodies and the most rare in dense 
bodies, so that its elasticity, upon which the velocity of 
propagation depends, is greatest in the rare bodies, be- 
cause it increases with the density. It also requires 
that the velocity of propagation of all kinds of rays 
should be equal ; and sJiould the apparent results of some 
recent experiments, which seem to indicate a difference, 
be verified, it may necessitate an alteration in our 
fundamental conceptions of the nature of the lumini- 
ferous ether. 

164. IrUensity of Lig?U. — Light, like sound, suffers 
diminution in intensity as the distance becomes greater 
from the source of light; and since, if we take the case 
light emanating from a luminous pointy it ia ro4i&t^' 



182 INTERMEDIATE TEXT-BOOK OF 

every direction, and at every successive distance covers 
the area of a larger and larger sphere, it follows that 
the intensity of light, as affected by distance, varies, like 
sound, as the inverse square of the distance. If, there- 
fore, any surface is equally illuminated by two lights, 
which are placed at different distances from it^ the 
relative intensity of the two lights will vary directly as 
the square of the distance. Upon this principle the art of 
photometry is based, by which we ascertain the number of 
candles to which a gas flame or electric light is equal. The 
depth or degree of darkness in the shadow which opaque 
bodies cast behind them also depends on their distance 
and relation to the source of light. When light is re- 
flected from a surface, the intensity varies with the angle 
at which the light is reflected. However intense the 
light may be, when the eye is not in the direct line of 
the luminous rays, and there are no reflecting surfaces, 
the ray is absolutely invisible. This may be seen by 
permitting a ray of light to traverse a dark box from side 
to side, and observing at right angles to the path of the 
ray. If no dust or other floating matter be present, no 
light will be perceived. The same phenomenon may be 
observed by looking up into the sky on a dark winter's 
night, when there is no moon visibla The space beyond 
the shadow of the earth is flooded with solar light, but 
the rays are quite invisible without some such surface as 
the moon to reflect them in the direct line to the eyes. 

165. Reflection of Light, — ^When a ray of light is 
returned into the medium in which it is moving, it 
is said to be reflected. When the reflecting surface is 
irregular, the rays of light which fall upon it are reflected 
in every direction, and this is called irregular or scattered 
reflection. When the surface is smooth and polished like 
a mirror, the reflection is in a constant direction, and 
the parallelism of the rays is preserved. This is termed 
jMM^g^ reflection. Uvular reflection may occur either 
J^P^Hhne or curved surface& 
y ^ ^K £eflection from Plane Surfaces, — ^Whenever a 
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ray of light falls upon any plane reflecting surface, the 
ray is reflected into the medium in which it is moving 
at the same angle to the surface as that at which 
it fell into it. Thus, in Fig. 45, the ray ed, falling 
upon the reflecting surface a d b, will be reflected in 
the path do, so that the angle edf will always be 
equal to C D F. It can easily be proved that any other 
path between the points c and e and the surface of the 
reflector, such as cge, is longer than ode, and light 
always takes the shortest path. The laws of regular 
reflection may, therefore, be summed up as follows : — (1) 
The angle of incidence is equal to the angle of reflection ; 
(2) the incident and reflected rajn 
are always in the same plane ; (3) 
this plane is always perpendicular 
to the reflecting siuface. 

167. Fomuxbum of Images by 
Reflection, — When any object is 
placed before a plane mirror, an 
image of the object is seen in the a o 

mirror of the same size and outline, pig. is.— Plane Beflection. 
but difierent in position. Thus, if 
when viewed in a mirror, the right hand is raised, the 
image appears to raise the left hand, and vice versa. This 
effect is called lateral inversion. Type set up for printing, 
which in the block is the reverse way to what it will 
appear when a " proof " is taken, can thus be easily read 
if it is held in front of a mirror. In a plane reflector 
also the image always seems as far behind the mirror 
as the object is situated in front of it. The rays of light 
from any object at the point A, in Fig. 46, which enter 
the eye at d d', by reflection from the plane surface m m, 
at B b', appear as though they came from a', at the other 
side of ilie mirror, and it can easily be proved that a', 
where the virttuil image is formed, is the same distance 
from the mirror that a is, the two lines b a and b a' 
being equal If the reflector is a transparent body, 
having an appreciable thickness, such qa ^lobtA ^^ 
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silvered at the back, and the object is reflected in it at 
an angle, a number of outlines are formed by the repeated 
reflection from the two surfaces — ^the top of the glass 
and the silvered coat behind with the thickness of the 
glass between them. On account of this law, if two 
plane mirrors are placed at some distance opposite to 
each other, and not quite parallel, the image of, say, a 
candle viewed in one is reflected backwards and for- 
wards between the two, the image growing less and less 

as the reflection proceeds. There 
appears, therefore, an endless 
succession of candles stretching 
away into the distance. Since 
even the surfaces of transparent 
bodies reflect when the light falls 
at an angle, some curious results 
are obtained by superimposing 
reflected images upon objects seen 
through the transparent medium. 
Under suitable ccmditions both 
images can be made equally dis- 
tinct. Upon this principle the 
construction of "Pepper's Ghost" 
is designed. 

By arranging a number of 
reflecting surfaces, light may be carried round comers, 
and thus guns on board ships may be directed toward 
any desired mark from the deck below or inside a shot- 
pi*oof turret Many curious instruments also, such as 
the kaleidoscope, used in designing and also as a toy, are 
thus constructed. 

168. He/lection from Curved Srjurfaces, — Curved sur- 
faces reflect rays of light in the same way that plane 
surfaces do : viz., that the angle of reflection is always 
equal to the angle of incidence. The rays, however, 
ai^r being reflected, are no longer parallel, but converge 
ards one point, which is cflJled a focus. In Fig. 47, 
i>' is a curved Buriace, of which c is the centre of 




Fig. 46.— Formation of Image 
by Beflection. 
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curvature, and c d, c d', being radii of the same circle, 
are perpendicular to the surface of the curve at the 
points dd'. If any luminous object, such as L, give 
out rays which move in the direction ld, ld', and 
strike the curved surface at d and d', they will be 
reflected at equal angles to the perpendicular at this 
point, and concentrate at the pointy which is the focus 
for these rays. Any luminous body placed at-will also 
have its rays concentrated at l, because they will follow 
the same path as rays proceeding from l. It will be 
clearly seen that if l be moved nearer to o, the rays, 
making equal angles 

of incidence and \ 

reflection, will also '^^^^^^^z^:^^\^^ 

move the focus f ^^..^ — • y\/i \ 

nearer to l, until a L.^ ^<^ -^^C" — JB 

point will ultimately ^^^^^^^^ ^v^'» / 

be reached where l ^*""^"' — ::r^-^^^/# 

andy will coincide; ™/d 

and rays emanating yig. 47.— Pormation of Poci. 

from this point, and 

&lling upon the curved surface, will be reflected back 
to the same point. The points L and / are therefore 
called c(ynjugate foci, because they always bear a re- 
ciprocal relation to each other. The point where they 
will meet in a circular curve will be when they both 
arrive at the centre of curvature, c. As the point / 
moves nearer to f, the point l will continue to move 
farther and farther away from the point /, but when 
the point f is reached, which is termed the prind- 
pal focus, the rays which diverge from this point 
on to the mirror, as shown by the dotted lines, will 
by equal angles of incidence and reflection leave the 
surface of the mirror parallel to each other, and conse- 
quently will never approach each other, and no focus 
will be formed at even an infinite distance. If the 
luminous point move nearer to B from f, the rays will 
cease to be parallel when they leave tb:^ x«&^5::^\s^ 
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surface and diverge out into space. This will be seen in 
Fig. 48, whei*e F is the principal focus and c the lumi- 
nous point. The divergent rays, however, when seen by 
the eye at E, will appear to form a focus behind the 
mirror at c'. This point cK is called a virttud focus. 
In Fig. 47 it will also be seen that if parallel rays fall 
upon the curved surface they will all be reflected to the 
principal focus p, and concentrated there. The rays 
from the sun may be taken as sensibly parallel, and if 
they are permitted to fall upon a curved mirror of this 
shape, a brilliant point of light is formed at F when any 



3»o 



Fig. 48.— Virtual Focus. 

surface is placed there to receive it. When the curved 
suiface, however, is large, this reflection of the rays to 
one focus does not occur, because all the rays do not 
make equal angles with the perpendicular to £he surface 
at every part of it, and hence the true focussing of the 
rays to a point only occurs over a small area surround- 
ing the central axis. In actual practice also the rays of 
the sun are not parallel, because they proceed from every 
part of the solar surface in every direction, and conse- 
quently all the rays which fall upon any circular curved 
mirror do not all focus at the same point, but at different 
distances along the line c f, and the crossing of the rays 
forms a luminous surface, which is called a caustic curve. 
The inability of a concave spherical mirror to concentrate 
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all the rays falling upon it into one focus is called 
spherical derration. 

When the concave mirror is formed by a curve called 
the paraholay which is one of the sections of a cone, thei*e 
is no spherical aberration, as the nature of the curve 
is such that all luys which fall upon it, and which are 
sensibly parallel, are all absolutely focussed to tlie same 
point ; and hence, when the rays carry the impression 
of an object from which they emanate, this image is re- 
produced on a smaller scale, but much brighter, at the 
focal point. 

169. Reflecting Telescopes, — ^The construction of the 
reflecting telescopes used for astronomical observations 
depends upon the above principle. A parabolic i-eflector 
is placed at the bottom of the telescope tube, and when 
the open end of the tube is directed to the heavens, the 
rays fi*om any celestial object fall upon the mirror, and 
are concentrated to a focus. In the Newtonian Reflector ^ 
the converging rays, just before they reach the focus, 
are received upon a plane mirror, placed at an angle of 
45° to the axis of the telescope, and thus reflected 
through an aperture in the side of the tube, where the 
image formed is enlarged by the use of a magnifying 
eye-piece. In the Herschelian Reflector, the pai-abolic 
mirror is placed at a slight angle to the axis of the tube, 
so that the concentrating rays, instead of converging 
round the central axis of the tube, are divei-ted to the 
side, and a magnifying object-glass is placed to receive 
them at the open end of the tube, close to the cii*cum- 
ference. 

In the Gregorian and Cassegrainian Reflectors, an 
opening is made in the centre of the parabolic reflector, 
at the bottom of the tube, and the rays of light received 
on the mirror and converging on the central axis of the 
tube are received on a curved surface, and reflected 
through the opening in the centre, where the image is 
magnified by an eye-piece. In the Gregorian form, the 
smail curved reflecting surface has the concave side 
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turned towards the opening in the parabolic mirror, and 
the rays falling upon the mirror are allowed to pass the 
focus before being received and reflected by the con- 
cave reflector. Li the Cass^rainian form, the small 
reflector has the convex surface turned towards the eye- 
piece, and the converging rays are received upon this 
convex surface before they reach the focua 

170. Refraction of Light — Whenever a ray of light 
passes out of one medium into another which possesses a 

different density, the direction 
of the ray is changed, or bent 
This bending of the ray is called 
refrcuAion, This effect is seen 
in Fig. 49, where A D b marks 
the surface which divides air 
above from water below, ode 
is a ray of light passing out of 
the air into the water, and 
which is seen to be bent to- 
wards the perpendicular f g^ 
beneath the sur&oe of the 
water. The path of the ray, 
both before and after refraction, 
is always in the same plane as 
the perpendicular fg, and the two distances from the 
perpendicular c f and a e, for the same two media, 
always bear the same determinate relation to each other, 
whatever may be the degree of obliquity to the surface 
of the two media at which the ray falls. This constant 
relationship is called the refractive ivdex^ or index of 
refraction, and is found by dividing the sine of the angle 
of incidence, c d f, or the line c f, by the sine of the 
angle of refraction E D a, or the line G & When a ray 
falls perpendicular to the sur&oe of the two media, it 
suffers no refraction, and when it fedls at a very acute 
angle, which angle differs for different media, it will not 
pass from one medium into the other, but is entirely re- 
flected at the surface. The angle at which total reflection 




Fig. 49.— Befractdon. 
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occurs is called tho critical angle. The ray is always 
most refi-acted when passing out of a dense into a rare 
medium, and least when passing out of a rare into a dense 
medium. It is on this account that if a long rod is pushed 
into clear water it appears to be bent beneath the water. 
In the same way the rays of the sun when on the 
horizon are bent upwards by the dense atmosphere 
through which they pass to the eye, and the round disc 
of the sun looks both larger and slightly distorted, 
and is thus visible some time before the sun is above, 
or after it has sunk below, the horizon. On the same 
principle the mi/rage is formed which is sometimes seen 
in sandy deserts and on the sea, where ships and houses 
and trees are seen suspended in the air. The rays 
proceeding from the real objects are totally reflected 
within the atmosphere, and bent by refraction through 
successive stitita of air until they enter the eye at a 
distance, and seem to be proceeding from an object high 
in the air. When the rays cross each other during 
refraction, the image is invei'ted. 

171. RefrcLciion through Prisms, — When a ray of 
light is permitted to pass through a transparent prism 
of glass, it suffers refraction both upon its entrance into 
the prism and its passage out of it, and thus the path of 
the ray is changed in direction entirely. 

A section of a prism is represented in Fig. 50 by the 
lines a by h c, 
c a. The ray of 
light, D E, fall- 
ing upon the 
prism in the 
dii'ection d e f, 
is refracted in 
the prism into 
the direction 
E E', and upon 
passing out of the prism into the air again into the direc- 
tion e' d'. The angle f g d' is called the angle of deviaiion. 




b c 

Fig. 50.— Befraction through a Prism. 
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The degree of deviation from ihe sti-aiglit path which 
any t&j of light experiences in paasing through the prism 
depends upon the nature of &ie material of whicJi tiie 
priam ja made. Sometimes prisms are made of thin 
glass walla, and filled with various liighly refracting 
liquids. The degree of deviation of the ray of light 
also depends upon the angle of incidence of the ray upon 
the face of the prism, upon the angle of the prism, and 
upon the colour of the l^fht. If two prisms are placed 
base to base, and a series of rays of light are allowed to 
fall u|)on one side of them, they each bend the taya 
which pass tlirough them in the same way as single 
prisms, but in opposite 
directions, so tiiat the 
diverging rays convei^ 
towai'ds each other. If s 
solid is formed by the revo- 
lution of a plane whose sec- 
tion is two pi-isms placed 
base to base upon tba 
Fig. s'.-PonnationofLenn. shorter axis, we obtain » 

circular figure, whose 
centit; is the thickest part, and tapering off to the edges. 
The two faces are ground and polished to take away t^e 
angle at the |)oint of junction of the two prisms, and 
they then form tbei'e a circular disc, whose section is 
like the figure formed by two circles which cut each other, 
as in Fig. 51, called a lens. 

173. Refraelion tlirottgh Lemm. — When a series (tf 
parallel rays fall upon such a lens, then the rays on 
emerging from the other side are refracted unequally, 
in consequence of the varying form and thickness of 
the different parts of the lens, and meet at the point P. 
The centre ray is unchanged in dii-ection, and the rays are 
more and more bent as we proceed to the edge. When 
the system of i-ays which fall u|K>n the lens is not parallel, 
as would be the case in Fig. 52, if the rays were ntdiatod 
from the point r, they would in passing through the 




PHYSICAL SOIENOS. 



191 



prism be rendered parallel. If, however, the point F 
were removed farther from the fkce of the lens, the rays 
from it would fall upon the surface of the lens at a 
different angle, and upon emerging from the other side 
of the lens, the rays, instead of being parallel, will 
converge to- 
wards a cen- 
tre, and thus 
a focus will 
be formed 
on both sides 
of the lens. 
This will be 
clearly seen 

in Fig. 53, where a and a' are the two foci which, 
since they are mutually interchangeable, are called 
conjugate foci, in the same way as we have seen two foci 
formed in front of a curved reflecting surface. The 
points F and f' are called the principal fociy because 




Fig. 52.— Befraction through Lens. 




Fig. 53.— Formation of Foci by Lens. 

luminous rays falling upon the lens from either of these 
points would be rendered parallel to each other by 
refraction through the prism, and parallel i^ays falling 
upon the face of the lens would converge after refraction 
to these points. 

If the luminous point is moved nearer to the face 
of the lens than the principal focus, F or f', then the 
rays of light after refraction through tlie lens diverge 
from each other. 

For difi'erent optical purposes lenses are made iw 
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Pig. 54.— Forms of 
IfOnses. 



different forms, the various sections of which are shown 
in Fig. 54, where A is called a double convex lens, b a 
plano-convex, c a concavo-convex, or meniscus lens. 

These three are called converffing 
\ ^ J ^ vm ^'^^' The other three are dir 
A I / V V ^ verging lenses, and are named : D a 
III I II double concave lens, E a piano-con- 
f ^ \ ML m M cave lens, and F a concavo-convex 

lens. 

173. Formation of Images hy 
Lenses, — ^Whenever a luminous ob- 
ject, such as a candle, or any object from which lumi- 
nous rays are being reflected^ is placed at a farther 
distance from the face of a double convex lens than 
its principal focus, we have the formation of an in- 
verted image of the object when the eye is placed on 
the other side of the lens. This will be seen in Fig. 55, 
where the object A b is reproduced at a' b' on the other 
side of the lens, and the relative size of the image and 
object will be as A c to 
c a'. Since the object 
is beyond the principal 
focus of the lens, the 
image will always be 
smaller and inverted. 
In consequence of the 
form of the lens, the 
rays which fall upon 

the surface from any distant object do not strike it at the 
same angle, and consequently do not all pass out at the 
other side and become focussed exactly at the same point ; 
and hence the image formed at the back side of the lens 
does not look perfectly flat, but is curved in the direction 
of the surface of the lens. This distortion of the image 
is termed splierical aberration^ and has to be corrected by 
suitable means in the construction of optical instruments. 
More distant objects are brought to a focus nearer to the 
lens than those which are close at hand, and hence in the 




Fig. 55.— Formatioxi of Image by Lens. 
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nera obaciM'ay which is used for photographic purposes, 
is necessary that all the objects which are to be 
)tographed shall be as nearly as possible in the same 
ne at the same distance, or else a more or less con- 
ed image is obtained at the focus of the lens. 
When the object viewed through the lens is nearer 
the lens than the principal focus, then a magnified 
3bge is obtained in the eye, because the rays proceeding 
m the object are refracted in the lens, and their 
ection entirely changed, as will be seen in Fig. 56, 
ere the rays, ^, 

ermg the 
) at the 
OS of the 
s, appear to 
ae from a' 










Fig. 56.— Mognified Image. 



although "" 
y are really 
oceeding 
m A B. Un- 
• these cir- 
nstancesthe 
ige is al- 
ya magnified and erect. This is the constinictiou 

the simple microscope. The compound microscope 
formed by a series of lenses, as seen at Fig. 67, 
ere the rays which proceed from a luminous object 
o are made by the united action of a number of 
apound lenses^ called the object glass, to diverge upon 
ens placed at fp, which concentrates the rays to a 
as, and thus produces an image of the object. This 
gnified image is itself viewed through a lens, B E, 
ich concentrates the rays into the eye, and thus 
ther magnifies the image. The combination of lenses 
' and B E is called the eye-piece, 

174. T^ie Refracting Telescope, — The difference 
ween the simple microscope and the tolescope is, that 
the microscope we examine the object itself by meana 
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of a niagiiifjing lenit, while in the telescojie we exatnino 
by a simple microscope an image of 
the object produced in the focua of 
another lens. 

The oonstruction of the astro- 
nomical telescope by means of re- 
fracting lenses is therefore very 
simple. It consists of a double 
convex lens, called the olfject gloM, 
in the focus of which an inverted 
image of any distant object ia 
formed, and this image is magnifieJ 
by the use of another similar lens 
placed so that the image is viewed 
within the principtJ focus, and there- 
fore magniiied. This will be seen 
in Fig. 58, where an inverted image 
of the distant object, a b, is repro- 
duced at A' B', within the focus of 
the Rye-piece, which concentrates 
the r;\ys into the eye, B. In conse- 
quence of the refraction of the rays 
within this eye-piece, the rays ^ 
pear to the eye to come from an 
object placed beyond the focus at 
a" b", and therefore much larger. 
When used for astronomical pur- 
poses, the inversion of the object 
makes no diffei'enoe, but when used 
for terrestial olijects a comjMund 
eye-piece is used to magnify the 
imf^ie. Into this eye-piece two ad- 
ditional tenses are introduced, which 
reverse the image into its original 
upright position. The tatroductitHi 
" MicrDMupe. of these additional tenses, however, 

diminishes the brightness of the 

ima^ produced in the eye by causing a loss of light 
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175. 77*e Eye, — The eyes are really a system of two 
lenses, which operate together at an angle, so that the 
appearance of solidity in objects, which is called stereo- 
scopic tnsimi, is obtained. Each eye consists of a globular 
chamber, in the front of which is an oi>ening filled in 




Fig. 58.— Kef ractiiig Telescope. 

with a double convex Jens, c, called the cri/stalline leint, 
as seen in Fig. 51), which concentrates the rays of light 
coming from a distant object, A b, on to the back of the 
dark chamber at b a. The surface upon which the rays 
are thrown, and upon which an image of the object is 
])rqjected,is covered 
with a tine network A 
of nei-ves, and is 
called the rethut. 
These tine nerves 
all communicate f. 
with one main b 
nerve, called the 
optic nerve, which 
passes through an opening at the back of the eye below 
the point where the light falls, and thus communicates to 
the brain the sensation of vision. In front of the lens 
is a transparent membrane, called the corneay which con- 
verges the light upon the lens behind, and between the 
two is a diaphi-agm with a circular opening, called the 
irisj which can expand or contract, so as to regulate the 
amount of light passing into the eye. This iris differs 
in colour in different individuals, and hence the various 
N 2 




Pig. 69.— Hranan Eye. 
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colours of the eye. The eye in all its yarioos parts is 
acted upon by a set of muscles, so that the direction 
of its axis can be changed, and the degree of convexity 
of the lens slightly changed also, so as to regulate the 
focus for near or distant objects. With advancing age 
the form of the lens is often altered, and the rays of 
light cannot therefore be properly concentrated on to ihe 
retina, and this necessitates the use of an extra lens, 
which differs in form for different cases, so as to rectify 
the defect. These lenses are called eye-glassesy or 
spectacles, 

176. Dispersion of LiglU, — So far, we have con- 
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Fig. 60.— Dispe.sion of Light 



sideied the action of lenses or prisms upon the light as 
unifonn for all kinds of light ; but in i-eality this is not 
the case, for the different colours of light are unequally 
refracted by the same piism. The prism, therefore, 
becomes the means by which we can separate the various 
colours which form a ray of white light in the order of 
their wave-lengths, upon which really depends the 
difference in colour. If we permit a ray of light to pass 
thi'ough a small hole in a shutter, as at s in Fig. 60, 
and fall upon the side of a prism, p, the component parts 
of the ray are unequally refracted in their passage 
through the prism. Not only is the direction of the ray 
changed from the path s E, but it becomes opened out like a 
fan, and the violet-coloured light is refracted more than the 
green, and the green than the red. This phenomenon is 
called the dispersion of ligltJ^ because the various com- 
ponent parts of the ray are scattered or dispersed. The 
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order of dispersion for all colours, beginning with the 
most refrajigible, is violet, indigo, blue, green, yellow, 
orange, and red. By means of a number of prisms suit 
ably arranged, tbis disperaive action can be very much 
increased, and the coloured band of light made to extend 
over many feet, so that each colour can be examined 
separately. ■ Upon tbis princiiile the spectroscope ia 
formed, which has become one of the most powerful 
analytical instruments in the liands of the phyaiciBt, and 
of which more will bo said hei-eafter. 

If, instead of using one prium alone to pass the ray 
through, or a number of prisms placed in tlie same 
' direction, a second prism 
be used turned the oppo- 
gile way up, as in F^. 61, 
then the various colours 
are re-combined by the 
refraction of the second 
prism, and a beam of 
white light issues from the ^ig- 6i.-EeK»mposiiioii oi Ligbt. 
opposite side. 

In consequence of this diiipersive action, when a ray 
of light is sent through a lens, the light is more or less 
dispersed, and the parts of the ray which are moat 
refi'acted are brought to a focus nearer the face of the 
lens than those 
which are less re- 
fracted, so that 
there is a series 
of foci which are 





Fig. 82. — Uneqiul Bebution. 

considerable dis- 
tance, which depends upon the form of the lens. This 
will be clearly seen in Fig. 62, where the raya of light 
passing through the double convex lens are focused 
over tiie whole distance from a to t, the most refrangible 
violet rays being focused at a, while the least refrangible 
red rays concentrate at t, and all the other colours are 
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intermediate. This phenomenon is c&lled ehronuUic 
aberration, and was one of tlie ditBculties which for a 
long time hindered the use both of the ref racting micro- 
scope and telescope, by causing indistinct and coloured 
images. 

177. TVie Achromatic Lera. — To avoid the defect and 
incotirenience occasioned by chromatic aberration in 
the constniction of optical instruments, the lens is formed 
of two different kinds of glass, called erwon glass and 
ftint glass, which are made of a suitable form to fit each 
other accurately, and cement«ii together by a transparent 
gum. The effect . 
of the second 
lens is to act 
the part of the 
second prism, 
and re-blend the 
coloured rays 
into a white ray, 
while at the 
same time, by 
suitably pro- 
portioning the 
lenses, a sufficient quantity of refraction or bending 
power is retained to concentrate the rays to a focus. 
Fig. 63 is a half section of such an achrom&tic lens, 
wliere c is the crown glass and p the flint glass lens, 
forming together a plano-convex lens, b. The ray of 
white light, w, is decomposed in passing through the 
crown glass lens, and re-composed again ia passing 
through the flint glass, while the combination stall 
retains a sufficient amount of refractive action to cause 
the emeiging ray to bo bent towards the central A.-riH, and 
thus form a focus, when the colour is almost entirely 
absent. The sensation of white light is the average 
effect produced on the retina by the impact of luminwu 
vibrations of all wave-lengths. This can be distinctly 
shown by taking a disc whose surface is coloured tbe 
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various colours of the spectrum, in segments which are 
divided by radii of the circle. When at rest, each 
separate coloured segment is visible to the eye with its 
distinctive colour, but when the disc is caused to revolve 
rapidly, the whole surface appears to be white. These 
achromatic lenses are now universally used, and have 
greatly contributed to the present perfection of all 
optical instruments. 

178. The Spectroscope, — This instrument consists 




Pig. 64.— Spectroscope. 

of a prism, or series of prisms, so as to increase the 
dispersion, the light thrown upon which is passed 
through a narrow slit, to prevent any overlapping of the 
colours, and after passing through the prism is received 
into an observing telescope, by which a magnified image 
of the coloured band is obtained. Fig. 64 represents 
a simple form of this instrument, where the light pro- 
ceeding from any source is passed through a narrow slit 
at s, the box, d, into the axis of the telescope, s L, 
and allowed to fall upon the prism, p. A small 
screw regulates the width of the slit to any required 
degree. The observing telescope, l, is placed ^t % 
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suitable angle to t^e axis of the telescope, b l, so aa to 
receive the refracted raya which have passed throu^ 
the prism. The reason why the teleacope, 
s L, is used is to render all the rays which 
are received from the slit parallel iM^bre 
they fall upon the face of the prism. If 
we examine the rays of light which pro- 
ceed from an incandescent solid, Buch as 
the lime-ball in the oxyhydrogen light, we 
find that the coloured band or spectrum, 
as it is called, which is seen in the field of 
tlie observing telescope, is continuous — that 
is to say, that the various colours from red 
to violet, through all the vaii&tions of 
colour, shade into each other so gradually 
that we cannot say where one begins and 
the other ends. If, however, we examine 
the light from the sun, we find this ia not 
the case, as the whole spectrum is barred 
across at right angles to its lengUi by a 
series of dark lines, as seen in Fig. 66. 
These lines always occupy the same relative 
position, and differ in width and distinct- 
ness, and in their distribution in the varioiu 
colours. They are called Fraunhofer's lines, 
from the German philosopher who first 
mapped out their positions, and they are 

■ all distinguished by a letter of the alpha- 
bet, such as A, the line in the extreme red, 
D the two lines in the yellow, or h in the 
extreme violet. Tlie cause of this discon- 
tinuity in the solar spectrum arises from 
the fact that the rays of light from the 
bright photosphere of the sun pass through 
the solar atmosphere, iu which the vapour of various bodies 
and various gases are present, and these vapours absorb or 
stop the rays of light which have a certain wave-length, 
BO that when the beam or ray is analysed by the spectro- 
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scopic prism there are no rays present of the degree of i*e- 
frangibility represented by these lines. It has been found 
that all incandescent gases and vapours give out rays of 
a definite degree of refrangibility for each substance, 
and hence, if we examine the light proceeding from any 
incandescent gas, we have not a continuous spectrum, but 
a reversal of the dark lines in the form of a series of 
bright lines, which are constant for each substance under 
the same conditions. This discovery enabled physicists 
to determine the position of the bright lines for most of 
the elementary substances when in a state of gas, and 
by super-imposing these bright lines upon the dark lines 
of the solar spectrum, to see to what substances in the 
solar atmosphere these dark lines owed their origin. The 
composition of the solar atmosphere, therefore, became 
known, and we can feel that this knowledge is based 
upon as exact determination as if it had been analysed 
in a laboratory. Some of the lines are found to owe 
their existence to the water-vapour, oxygen, nitrogen, 
and other gases which compose our own atmosphere. 
This method of spectral analysis has been extended to 
the light of the fixed stars, nebulae, and comets, and 
has revealed the fact of the identity of many of the 
elementary substances in various parts of the universa 
It also furnishes a means by which the most minute 
quantities of any substance can be detected ; and, more 
recently, has also proved the means of determining that 
a difference exists in the molecular arrangement of 
various substances, which are the same in their chemical 
constitution. The general results arrived at by spectro- 
scopic observation may be summed up in three general 
laws. 

(1) Solids, liquids, or dense gases, when in a state of 

incandescence, give out a continuous spectrum. 

(2) Solid or liquid bodies, when rendered gaseous by 

heat) or incandescent gases at ordinary pres- 
sures, give out a spectrum which consists of 
bright lines only ; and the number and ^^itio\!L 
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of these bright lines is different for each sab- 
stance, and constant for the same substance 
under the same conditions. 
(3) When light which gives a continuous spectrum 
passes through any gas or vapour, the gas 
absorbs those rays only which it gives out when 
itself incandescent. 
179, Ultra-spectral Rays, — Light icom the sun is 
always accompanied by heat, and also the power to break 
up or decompose certain chemical substances, and it has 
been found that both these properties are dependent upon 
the existence of rays whose wave-lengthB differ frmn 
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those of lights and have, therefore, a different degree of 
refrangibility. If we take a solar ray, and pass it throu^ 
a suitable prism, it is found that the majority of the 
heat rays are less refrangible than light, and are there- 
fore arranged by the prism beyond the red rays ; while 
the rays which have the power to exert chemical action 
are more refrangible than the light, and are therefore 
extended beyond the violet. Fig. 66 illustrates the 
position of these uUra-spectral rays A. The uncoloured 
dark spaces beyond the red rays at A and the violet rays 
at H represent the heat spectrum and the chemical or 
actinic spectrum respectively, and the curved lines above 
indicate by the height of the summit of the curve the 
maximum points of action in each case. The light is 
most intense just beyond D in the coloured spectrum, and 
is indicated by the height of the line 6, while the heat 
greatest at the point beyond the red indicated by the 
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line a, and the actinic power greatest at the point 
indicated by the line e, just within the violet. Diffei^nt 
substances possess different powers of transparency 
to these several kinds of rays, and if suitable means are 
employed they can each be separated from the others. 
When the heat is separated from the light and actinic 
rays, it is capable of concentration, until it will render 
any substance upon which it falls incandescent, and thus 
li^t is produced. This phenomenon is called Color escencey 
the invisible heat rays being by concentration changed 
into light by having their refrangibility increased." 
When the actinic rays are obtained separately, and 
passed through various chemical solutions, such as a 
solution of quinine or turmeric, their refrangibility 
is decreased and their wave-length increased, and they 
appear as a violet light when passing out of the quinine, 
and green when out of the turmeric. This phenomenon 
is called Fluorescence, Heat, light, and actinism, there- 
fore, only differ from each other in the length of the 
waves of ether which produce them. When the wave- 
length exceeds about 39^00 ^^ ^^ ^^ inch, it becomes 
invisible to the eye, but produces a heating effect, and 
when it is less than about a^ooo ^^ ^^ ^^ inch, it also 
ceases to affect the eye, but will act upon various bodies 
chemically. The wave-lengths of all colours of light i^ays 
lie between these two extremes. 

180. IrUerference of Light — ^We have already seen 
that when two waves of sound are brought together in 
such a way that the area of condensation in the one 
coincides with the area of rarefaction in the other, the 
two S3n3tems neutralise each other, and silence is the 
result. Also that when the two systems coincide so that 
the area of rarefaction m both come together, and also 
the areas of condensation together, there is an increase 
of sound. In the same way, when two systems of lumi- 
nous waves or vibrations of light are brought to- 
gether, so that the crest of the wave of one set coincides 
with the hollow of the other, we have ^ \xi>i\^xs\ ^^^ie^srof^ 
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tion of the two systems, and darkness is the result. 
When, on the other hand, the waves coincide wave-crest 
with wave-crest, and hollow with hollow, we have an 
increase of the light. If the coincidence is not always 
exact, but only occurs after a certain interval of time, 
we have a luminous phenomenon occurring similar to 
the case of beats in music. This mutual destruction of 
• luminous waves is called interference, because the wave- 
motions interfere with each other. We have already 
seen that all the various colours of light differ in wave- 
length, and that it is the average result of the influence 
produced by all of them fix)m red to violet which gives 
the sensation of white light. When, therefore, in any 
ray of white light falling upon any surface, the mole- 
cular structure of which causes some of the component 
wave-lengths to interfere with each other, we have the 
mutual destruction of some of the coloured waves, the 
reflected light ceases to contain every colour, and the 
sense of white is destroyed, and a series of colours takes 
its place, which depends upon the extent of the inter- 
ference. This will be distinctly seen if the rays of the 
sun are permitted to fall obliquely upon a surface of 
glass or metal upon which a number of very fine lines 
have been engraved, since a beautiful play of colours will 
radiate from the ruled surface to the eya 

181. Di fraction. — We have seen that light moves in 
straight lines, but under certain circumstances, such as 
when the luminous waves are caused to fall upon the 
sharp edge of an opaque body pushed into the path of 
the beam, at right angles to the direction of its motion, 
there occurs a phenomenon called d^ractian, or inflee- 
tion, by which the waves of light suffer a lateral propagsr 
tion, and are bent round the comer of the obstructing 
solid into the shadow. A series of coloured bands or 
fringes is thus produced, which will easily be seen by 
holding up the edge of a card into the path of a beam of 
light which has been reflected from the surface of a 
glass mirror, through an opening in a shutter, and con- 
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centrated by means of a double convex lens. Fig. 67 will 
show this arrangement, where A is the opening, and reflect- 
ing mirror, l, the lens concentrating the light to the focus 
at o, and producing a diverging beam, into which the 
obstruction, b, is placed. If the light is received on to a 
screen, the coloured bands penetrating into the shadow 
of B will be distinctly 
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seen. If the opening 

is closed with a red 

glass, the colours will 

disappear, and a series 

of red and black bands ^i«- 67.— DU&action. 

take their placa A 

blue glass will give similar results, with blue instead of 

red, but the lines will be narrower, because the waves 

of blue light are shorter than red. 

A spectrum can be obtained by diffraction from the 
surface of a series of lines cut in a plate of glass of much 
greater equality in the distribution of the colours than 
by means of refraction through a prism, because in the 
latter case the nature of the dispersion of the diflerent 
colours depends upon the nature of the material out of 
which the piism is formed, and certain parts of the 
spectrum are crowded into less room than other parts. 
This unequal effect of dispersion by different substiances 
is called the irrcUioncdity of dispersion. 

When light is reflected from surfaces which are 
formed by a series of thin transparent plates, such as 
mother-of-pearl, or of thin films which reflect the light 
from both surfaces, a series of coloured bands are formed 
like those visible in the soap bubble. This arises from 
the fact that the two systems of waves reflected from the 
two surfaces ai*e not in the same phase of undulation, 
since the one has been retarded in its passage through 
the transparent medium from its under surface, and 
mutual destruction of the systems is the result, pro- 
ducing colour where white light is employed, or dark 
and l^ht bands if one kind of ray only is used. 



206 INTERMEDIATE TEXT-BOOK OP 

182. Doable Jie/ractlon, — When light is permitted to 
pass through cei-tain transparent crystals, such as Iceland 
spar (carbonate of lime), the molecular structure of 
which is ditferent in diflPerent directions, the raj of light 
is divided into two i>ai-ts, one of which is more i-efractetl 
than the other. This dividing of the ray is called double 
refraction. If a spot of ink be viewed through such a 
crystal, it appeal's double, and if the crystal is turned 
i*ound, one image of the spot revolves round the other, 
and one appears neai-er to the eye than the other. The 
image which appears to be fixed is called the ordinary 
image, and the one which revolves round it the extra- 
ordhtary. The cause of this phenomenon is that the 
ray of light is moi'e retarded in one direction of the 
ciystal than in othei-s, and hence is more refracted. All 
double refracting crystals possess one direction in which 
the ray of light suffei-s no double refraction, and some 
ciystals two such directions. This direction is called the 
axis of the crystal, because around this line of direction 
the molecidar groups are an*anged. Crystals with one 
direction only, in which double refraction does not occur, 
are called uniaxal crystals, and those which possess two 
biaxal crystals. 

183. Polarised Light, — When a ray of ordinary light 
is permitted to pass through a thin plate of a trans- 
parent mineral called tourmaline, which has been cut 
parallel to the axis of the crystal, the light undeigoes a 
remarkable change. To the eye it appears exactly the 
same, but if another plate of tourmaline, cut in the same 
direction, is placed in the path of the ray, with the axis 
of the crystal at light angles to the axis of the other 
plate, the light will not pass through this second plate, 
although it is quite ti-ansparent to oixlinary light. When 
the second plate is turned slowly round on the axis of 
the ray of light, the light begins to appear, and increases 
in brightness until the two axes of the two plates of 
tourmaline are in the same du*ection, when the light is 
perfectly transmitteil. During a complete revolution of 
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one crystal OA'er the other, the crystals are twice parallel, 
at 0° and 180*, and twice at right angles, at 90** and 
270°, and in the two former positions the ray of light 
is completely transmitted, and in the two latter com- 
pletely suppressed. In all other positions the light is 
only partially transmitted. It is evident, therefore, that 
the ray of light in passing through the first plate of 
tourmaJine has undergone a change which pi*events its 
passage through the second plate with facility, except 
when that plate is in a certain direction. This^double- 
sidedness of the ray is termed polarised light, because 
of a fancied i*elation to the double character of the ends 
of a magnet. The first plate of tourmaline, which 
changes ^e character of the ray of light from ordinary 
to polarised light, is called the polariser ; and the second 
plate of tourmaline, which reveals the nature of the 
change which the light has undergone, is called the 
analyser, A ray of polarised light is supposed to differ 
from an ordinary ray of light in this respect, that all the 
vibrations or undulations of the ray occur in one plane, 
while in a ray of ordinary light the vibrations take place 
in all directions across the axis of the ray, or the 
direction of its propagation. When a ray of ordinary 
light is therefore passed through any polariser, the 
vibrations in every direction except one are quenched 
within the polariser, or, at any rate, not transmitted 
through itj and in the emergent beam all the vibrations 
lie in one plane. When the analyser is presented to 
such a beam of polarised light, the vibrations bemg all 
in one plane, they will pass through the analysing plate 
whenever the direction of the molecules of the plate 
coincide with those in the polarising plate, and when at 
right angles to this position the light will be quenched, 
just in the same way as all the vibrations which were 
not in this plane were suppressed in passing through the 
polariser. In all intermediate positions part of the light 
will be transmitted, and part suppressed. In addition 
to polarising light by passing it through a plate of 



208 



UnSRMEDIATE TEXT-BOOK OF 



tourmaline, we may polarise it by any of three other 
methods — (1) by reflection; (2) by simple refraction; 
and (3) by double refraction. 

When a ray of light is passed through a double 
refracting crystal, the two beams of light into which the 
original ray is divided are both found to be polarised 

when examined by an ana- 
lyser, but the planes of vibra- 
tion of the two beams are at 
right angles to each other, so 
that when the analyser is in 
such a position that it trans- 
mits the one it quenches the 
other. For optical purposes, 
when a ray of polanised li^t 
is required, it is usually ob- 
tained by double refraction 
within a crystal of Iceland 
spar, which is a mineral of 
great transparency and purity 
of colour. The crystal is 
usually arranged in the form 
of what is known as a NiooFs 
prism, from the name of the 
inventor, and of which Fig ^ 
is a longitudinal section. The crystal is cut through 
obliquely in the direction a b, parallel to the principal 
plane, and the two halves cemented together with 
Canada balsam. The index of refraction of this sub- 
stance is intermediate to the indices of the two parte 
of the doubly refracted ray. When, therefore, a ray of 
ordinary light enters the prism at i, it is divided into 
two beams, o and E, which are polarised in planes at 
light angles to each other. The ray o encounters a 
medium which has a less refractive power than itself 
and falls, therefore, upon it at a very oblique angle of 
incidence, and is totally reflected out at the side of the 
prism. The ray e, on the other hand, is polarised in the 
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opposite plane to o, and encountering a medium which 
bias a greater refractive index, passes through it, and 
emerges at B, at the lower end of the prism, as a ray of 
perfectly polarised light. Another simUar prism may be 
used as an analyser to examine this ray, which will be 
transmitted or suppressed according to the position which 
the layer of Canada balsam occupies in regard to the 
plane of vibration of the ether molecules in the ray. An 
instrument which possesses a polariser and analyser for 
the purpose of experimenting with polarised light is 
called a polariscope. 

When two rays are polarised in the same plane and 
in opposite phases of vibration, they produce by their 
interference fringes of the same kind as ordinary light ; 
and when two rays, polarised at right angles to each 
other, are brought into the same plane, they produce 
the same phenomena, provided they originate in a ray 
the whole of which was originally polarised in one plane. 
So long, however, as two rays are in opposite or rec- 
tangular planes of polarisation, they never produce any 
interference, but at intermediate planes of polarisation 
they produce fringes of intermediate brightness, in- 
creasing in intensity from 90°, where they are in rec- 
tangular planes, to 0°, where they are in the same 
plane. With the use of a polariscope, and a plate ot 
selenite between the polariser and analyser, many 
beautiful effects are produced in sections of double 
refracting bodies by the interference of the rays of 
polarised light ; and this means also enables us to study 
with very great exactness the existence of pressures or 
strains in the molecular structure of transparent bodies. 

When a pendulum which is freely suspended, and 
vibrating in any given plane, ha^ a direction of motion 
given to it at right angles to its plane of motion, the 
bottom of the pendulum will describe not a line, but a 
curvilinear orbit, the nature of the orbit being deter- 
mined by the quantitative relation of the two directions 
of motion. When the motions in the two directions are 

o 
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equal during the same time, the orbit will be a circle; 
when they are not equal, an ellipse will be described, the 
major and minor axis of which will bear the same rela- 
tion to each other as the respective motions in the two 
directions. In the same way, when we decompose a ray 
of plane polarised light into two rays of equal intensity, 
polarised at right angles to each other, and differing in 
their path by a quarter of a wave-length, we obtain a 
ray of light in which the vibrations of the ether mole- 
cules are executed in cii-cles, and hence we term the ray 
circularly polarised. When the undulations differ by 
more or less than a quarter of a wave-length, the light is 
ellipticaliy polaiised. 

Some crystals possess the power of changing the 
direction of the plane of polarisation of a ray of plane 
polarised light in passing through them, so that it is 
sometimes twisted to the right and sometimes to the 
left — the degree of twisting depending upon the thick- 
ness of the plates of ti-ansparent substances employed. 
This phenomenon is called rotatory polarisation. 



CHAPTER n. 

HEAT. 

184. yature of Heat, — ^We have already seen (179) that 
when the energy radiated from the sun or any other 
radiating source is refracted through a prism of suitable 
mat«iial, the actinic rays, or those rays which possess 
chemical activity, are the most refracted. The rays of 
light broken up into the series of undulations which 
give the sensation to the eye of colour occupy an ia- 
tenn^^iate position, and beyond the least rcdfrangible 
luuiinous or red i*ays we have a dark band of heat rays, 
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which possess the power of acting upon a delicate thermo- 
meter, and thus indicate their presence. Radiant hmt^ 
therefore, differs from luminous or actinic rays according 
to the undulatory theory only in degree — the undulations 
of the ether which cause the sensation of heat having a 
longer wave-length, and occupying a longer time in the 
performance of one undulation than rays of light or 
actinism ; but they are all undulations of the same all- 
pervading ether. Absorbed heaty or that condition of 
material which is induced by the impingement of radiant 
heat upon matter, and which makes itself manifest to our 
senses by what we term a rise in temperature of the 
body upon which it impinges, differs entirely in its nature 
from radiant heat. Two theories have been propounded 
to account for the phenomena, and they may be teimed 
respectively the material and the dynamical theory. 

185. (1) I7ie Material TJieory supposes that heat is 
a species or kind of matter, which differs from ordinary 
matter in this res|)ect : that it possesses no weight, or is 
imponderahley and that it surrounds the molecules of 
all matter which is ponderable like an atmosphere, and 
that, in consequence of the mutiial repulsion of its own 
molecules, and their attraction for the molecules of other 
matter, this heat matter can easily jmss from the interior 
of one mass of matter to that of another. This theory 
also regards the condition of radiant heat as similar to 
the condition supposed by the corpuscular theory of light 
(160), viz., an emanation of the imponderable molecules 
of hiBat from the surface of the radiating body into the 
surrounding space. This theory, like the corpuscular 
theory of light, has, however, now been generally aban- 
doned, because it fails to account for many of the phe- 
nomena which are observed, especially such as the 
interference and polarisation of heat, and the production 
of heat by the stoppage of mechanical motion. 

186. The Dynamical or Mechanical Theory of heat 
supposes that the phenomena of absorbed heat^ or the 
absolute temperature which all bodies possess, arise from 

o 2 
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a particular condition of the molecnles of the body, in 
virtue of which thej are in a state of constant vibration. 
The amplitude of ihe vibration determines the tempera- 
ture of the body, but the motion even in the hottest 
bodies is too small to be detected by the eye, even when 
aided by the most powerful microscopes. The motion of 
the molecules at the surface of any hot body is com- 
municated to the ether by which the body is surrounded, 
and this motion of the ether constitutes the radiant heat 
which is thrown off from the surface of aU hot bodies 
into the surrounding space. Thus any hot body which 
has no source of heat contained within itself, or which 
is not receiving a supply of heat radiated from some 
other hot body, will gradually became cooler, because 
the motion of its molecules is gradually brought to rest, 
or expended in communicating motion to the ethereal 
medium which surrounds it. In the same way, any 
cold body which is receiving radiant heat from any 
hotter body becomes itself hotter, because the motion of 
the molecules of the ether is communicated to the mole- 
cules of the cold body, and their amplitude of motion is 
increased, and therefore their absolute tempei'ature. In 
the same way, when the motion of a mass of matter is 
suddenly arrested, such as a cannon-ball by its impinge- 
ment upon the target, or a railway wheel by its fnction 
on the rail when retarded by the application of the 
brake, the motion of the mass as a whole is transferred 
to the motion of the molecules of which the mass is 
composed, and both the cannon-ball and target, and the 
wheel and rail upon which it slides, are heated. 

Although in solid bodies the motion of the molecules 
which constitute the cause of the sensible temperature 
cannot be detected by the eye, yet they usually, when the 
heat is increased, also increase the whole volume occupied 
by the body, and we then speak of it as eocpanding under 
the influence of heat ; while, when the body is cooling, 
and the motion of the molecules becoming less, the whole 
volume occupied by the heated body becomes less, and 
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we speak of it as contracting under the influence of a 
cooling action. In gases where the fixity of the molecular 
centres is destroyed, and the motions of the molecules 
much greater than either in solids or liqifids, the expan- 
sion under the influence of increase in temperature is 
much greater ; and when the gaseous volume is restrained 
from expansion by the rigid walls of a containing vessel, 
then the pressure of the gas upon the surface of the 
vessel is proportionally increased. All substances which 
are known to exist upon the surface of the earth possess 
a motion of their molecules, which is represented by 
their temperature, and which can be communicated 
throui?h the surroundins: ether to a colder -body. If it 
ivas ^ible to permit this cooling action to be carried 
so far that the motion of the molecules of the body was 
entirely arrested, we should probably have an vltra solid 
condition of matter, which would differ from ordinary 
conditions of solid matter as much as liquids and gases 
differ from solids. 

187. Efects of Heat — Although we cannot see the 
actual motion of the molecules of any body, which is the 
cause of its temperature, we can nevertheless detect 
the degree of this motion by the effect which it pixxluces 
upon our senses, such as touch and sight, or the changes 
which it produces in the condition of other matter to 
which this heat motion is communicated. The sense of 
touch enables us by experience to tell whether there is a 
transfer of heat from the body to our hand, or whether 
the heat passes out from our hand into the body which 
we touch. In the former case, we speak of the body 
as liot or warm, and in the latter case as cold. It is, 
however, quite clear that this method of determining the 
temperature of a bodv can only be exercised within a 
veiy narrow range; and when a certain degree of heat or 
cold is reached, the hand^ or any other part of the body, 
cannot detect the difference between heat and cold, 
because the transfer of heat to the body, or from it, 
becomes so great that the nerves of ^xise ^nr^ ^<^\>\q»^^. 
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We know this to be the case when the temperature of 
a body becomes so great that the undulations or motions 
produced in the surrounding ether become capable of 
affecting the nerves of the eye by the pixxiuction of 
luminous rays, and we say the body is red hot or white 
hot when all ranges of luminous vibrations are produced 
In the same way, a very cold body will bum the flesh as 
well as a red hot body, but the transfer of heat is in the 
opposite direction. 

When heat is communicated to matter which cannot 
feel, it undergoes certain changes. When a solid is 
heated, it continues to increase in volume up to a certain 
point, and then melts, or changes its state from a soUd 
to a liquid. When the liquid is continually raised in 
temperature by the addition of fresh increments of heat, 
it undergoes an augmentation of volume until a certain 
point is reached, when it likewise assimies another con- 
dition, and passes into the state of a gas. The temperature 
at which the solid assumes the liquid condition is called 
the melting point, and the temperature at which the 
liquid passes into the gaseous state the hoUing point. 

When gases are permitted to cool, either by com- 
municating their motion to the surrounding ether, or by 
other means for the abstraction of heat, they ultimately 
reach a point when the motion of the molecules becomes 
so reduced that the attraction of the molecules for each 
other causes them to fall together, and the gas becomes 
a liquid. This action we term condensation^ of which 
we have the most familiar example in the formation of 
water by the condensation of steam. When a liquid 
is cooled, we at length reach a point when the motion 
of the molecules is so much reduced that their mutual 
attraction causes their oscillations to be arrested, and 
circumscribed about certain fixed centres, and the liquid 
becomes a solid. This point, in the case of water, is called 
the freezing point These changes may bQ hastened or 
retarded by the degree of pressure to which the gases or 
liquida are subjected. 
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188. Measurement of Temperakire, — We have already 
seen that it is quite impossible to determine differences 
of temperature in any two bodies, except within a certain 
narrowW, by the lid of the senses, Id this is specially 
the case when exact quantitative determination of tem- 
perature is required. Indeed, the quantitative determina- 
tion of temperature within any range by the unaided senses 
is almost impossible, because so much depends upon the 
condition of health. When we wish, therefore, to in- 
vestigate the difference of temperature between any two 
different substances, or the temperature of any substance 
as referred to some fixed standard of temperature, we are 
obliged to have recourse to an instrument which is called 
a thermometer^ or heat measurer. There are many kinds 
of thermometers, each of which has been designed for 
some special purpose in physical investigation, and 
dependmg upon several different principles in their 
construction; but they all agree in this, respect, that the 
materials of which they are made receive heat from 
the surrounding bodies when they are hotter than the 
thermometer, and lose heat by communicating it to the 
Surrounding bodies when they are colder, and thus are 
made to indicate on some suitable scale the amount of 
heat which they have gained or lost. The temperature 
of a body is therefore its thermal state, when considered 
in reference to its power to communicate heat to other 
bodies. When two bodies are brought into thermal 
communication, and neither gain nor lose heat, they are 
said to be in thermcd equilibrium^ or of equal tem- 
perature, and when two bodies in thermal communica- 
tion gain or lose heat, then the body which loses heat is 
said to have the higher temperature, and the body 
which gains heat tli^ lower. When two bodies have 
themselves the same temperature as a third body, they 
are said to be equal in temperature, because things which 
are equal to the same thing are equal to one another; and 
this is the foundation of the whole science of Calorimei/ry^ 
or the measurement of temperatures. Wq x£\ai.^^\iQ^^'^^it^ 
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make this distinction : that those instrumeiits whidi 
measure the quantity of heat are called ealorimeten, 
while those 'which measure its intensity are termed 
therTiio meters. 

189. Th^ Mei-curial Thermotneler.—We have already 
seen that when any substance is heated it nsnally 
expands in volume, whether it b in ^e solid, liquid, or 
gaseous condition ; and since within a certain ran^ of 
e n n temperature this expansion is constant 
for the same substance, and the same 
d^ree of difference in temperature, it 
affords a ready method of constructing 
a standard thermometer. A liquid is 
usually selected, because heat can more 
readily be communicated to every part 
of it by convection, and because, from 
the mobility of its molecules, the ex- 
pansion can be concentrated into a 
narrow channel, and thus rendered 
more readily viable to the eye. Mer- 
cury has been specially selected for 
use in thermometers, because it doee 
not boil till at a much higher tempera- 
ture than water, or freeze until a mudi 
lower tempei^tture. In the case of mercury the heat is 
communicated from molecule to molecule by conduction. 
The general construction of the thermometer will he 
readily understood by reference to Fig. 69. The 
instrumiuit cousista of a glasa tube with a very narrow 
bore, and terminating in a thin glass bulb. This bulb 
is rather more than filled with mercury by suitable 
means, and then tlie mercury is heated in the bulb over 
a spirit-lamp until it boils, and the vajxmr fills the tube. 
When all the air in tlie tube has thus been expelled, the 
end of the tube at f, c, and r is hermetically sealed, so 
that when the tube is cooled down the mercuiy con- 
denses and little more than fills the bulb, leaving a 
I piuiial vacuum above. The instrument is then rrady 
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for graduation. This is accomplished by dipping the 
bulb into a freeadng mixture, consisting of pounded ice 
or half-melted snow, and the bulb containing the mercuiy 
contracts in volume, as does also the mercury within it, 
until the mercury sinks to a fixed point within the tube, 
and there remains stationary. G^is point is called the 
freezing point. The same thermometer is then placed 
in a suitable vessel, and surrounded by an atmosphere 
of steam at a pressure equal to the pressure of the air 
when the barometer stands 30 inches higL In this 
atmosphere of steam the mercury in the bulb of the 
thermometer expands, and rises up the tube until it 
reaches a fixed point, beyond which it will not rise. 
This point is then marked off, the same as the point at 
which the mercury stood when in the freezing mixture, 
and is called the boiling point. These two points are 
common to all mercurial thermometers, and are standard 
points, which can always be yeriEed, because at the same 
atmospheric pressiire water always freezes, and boils in 
the same vessel at an equal difference in temperature. 

190. Tliemuymetric Scales, — ^The interval between 
these two points has been divided into different 
numbers of parts, called degrees, in diffei^nt countries. 
There are three common forms which are in general use 
in Europe, and which are called the Fahrenheit, the 
BJeawmur, and the Celsius scales, from the names of the 
philosophers who first used them. The most scientific is 
the Celsius, which is also called the CerUigrade, because 
the interval between the freezing and the boiling points 
is divided into 100 parts ; the freezing point is marked 
0^, and the boiling point 100^. Above and below these 
points, equal intervals are marked off within the whole 
range of the tube. The degrees below the 0^ are called 
minvs degrees, and are written - 1°, - 2^, and so on. Tliis 
form of graduation is rapidly becoming almost universal 
in scientific researches, and will be seen at c in Fig. 69. 
In the Fahrenheit thermometer, marked F in Fig. 69, the 
interval between the freezing and boiling ^mt ^& ^\sy\^ 
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into 180°, and the freezing point is marked 32°, because 
it was formerly supposed tlutt at 32° below the freezing 
point of water was the greatest cold possible, and this 
point was therefore marked 0°, and called the zmv painL 
The boiling point on this scale is therefore 212° above 
this zero point. This thermometer is in common use in 
England, and is convenient in some respects, because P 
on this scale corresponds within a reasonable range, say 
from the freezing point to the boiling point, to an expan- 
sion of 16006^ ^ P^ ^^ ^^^ volume of the mercury used. 

The Riaumur scale, seen at B in Fig. 69, divides the 
interval between the fr-eezing and boiling point into 80°, 
from 0° at the freezing point to 80° at the boiling pointb 
This method of division is now seldom used, except in 
certain parts of the Continent of Europe, and is rapidly 
falling into disusa The graduated divisions can either 
be marked on to the actual stem of the thermometer, or 
on to a scale fixed to it, and in many cases now the ther- 
mometer scale is graduated on one side of the stem into 
Centigrade degrees, and on the other into Fahrenheit 
degrees, so that either can be read with the same ther- 
mometer. It will be readily seen that equal divisions of 
the stem can only represent equal degrees of expansion 
when the bore of the tube is the same diameter in every 
part. Since this requirement can hardly ever be secured, 
it is necessary to compare all thermometers used for 
scientific purposes with a standard thermometer which 
has been carefully and accurately graduated, so that the 
errors may be known in every part of the stem. All 
thermometers are apt to vary from perfect correctness 
after continuous use, especially when the use has in- 
volved a great range of temperature, because the glass of 
which it is composed usually alters the capacity of the 
bulb permanently, and thus alters the scala 

When very low temperatures have to be measured, 
the mercimal thermometer cannot be used, because the 
mercury becomes solid, and therefore, for this purpose 
dliermometers are coni^nnaLC^ed mtL alcohol in place of 
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mercnrj, and as this liquid when perfectly pure does not 
freeze with the lowest temperatures we can produce, it 
answers the purpose very well. AVTiere very high tem- 
peratures have to be registered, mercury is equally inappli- 
cable, and, indeed, glass cannot be used, llie expansion 
of various solid bodies is then used to gire the necessary 
indications, and these instruments are called Pyrometers. 

191. Expcmsion hy He(U, — ^Almost all bodies (there 
are a few exceptions), when they receive heat from any 
source, expand, and when they lose heat, conti*act^ and 
this expansion or contraction takes place in every 
direction. For the same difference in temperature, 
solids expand the least and gases the most, while 
liquids occupy an intermediate position. For equal 
degrees of heat the same body usually undergoes the 
same extent of expansion within a fixed range of tem- 
perature, but different bodies, in all their stat^ of solid, 
liquid, or gas, undergo very different degrees of expan- 
sion. In liquids and gases the expansion always 
takes place equally in every direction, when the mole- 
cules composing them are free to move equally in every 
direction; but in solids this is not always the case. 
The expansion of a solid in length is called linea/r expan- 
sion, and in volume, cubical expansion. If we take a 
metal bar which will just fit in between two fixed points, 
which serve as a gauge, and then wai*m it, we shaU find 
that the linear expansion prevents it with the increased 
temperature from passing within the gauge 3 and if we 
take a metal ball which will just pass through a round 
hole in a metallic plate, and warm it, we shall find that 
its cubical expansion will then prevent its passage until 
cooled down to the original temperature. The fixed 
amount which any substance expands in terms of its 
length or volume, when subjected to a heat which will 
raise its temperature 1^, is called the linear, or cubical, 
co-efficient of expansion of that substance. 

192. Expansion of Solids. — Under the influence of 
heat^ solid bodies vary very much, in ^^ ^<&^^^ ^\. 
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expansion, botli linear and cubical, which they underga 
Amongst metals, zinc is one of the most expansible, and 
platinum the least. The expansion of platinum and 
glass is voiy nearly the same, and hence, phitinum can be 
fused into glass, which is a great advantage in the forma- 
tion of many electrical and other instruments, without the 
glass being liable to fracture. The force of expansion 
or contraction under the influence of heat or cold in 
solid bodies is very great. A heated bar of metal, when 
cooling, will exert a very great pressure on any points 
with which it is rigidly connected when in the heated 
state, and this force has sometimes been used to draw in 
the sides of buildings which have been bulged out, by 
heating the tie-rods, screwing them up when hot, and 
then allowing them to cool, and so become shorter. In 
the same way, water when freezing into ice, and which 
at that temperature is an exception to the rule of expan- 
sion, because it increases in volume from about 40*^ 
Fahr. down to 32° Fahr., instead of contracting, exerts 
such a pressure upon the walls of any vessel which it 
just Alls at the former temperature, that when changing 
into ice it will burst even a thick iron shelL The 
bursting of water-pipes in dwelling-houses, which causes 
such inconvenience in severe frost, is an example of tins 
gi-eat power of expansion. As a rule, amongst ordinary 
solids the co-efficient of cubical expansion is three times 
the linear co-efficient The difference in the expansion of 
different bodies under equal increments of heat has been 
turned to very useful account in many applications in the 
arts and sciences. One of the most useful is the com- 
pensation pendulum in clocks and the balance-wheel ci 
watches and chronometers. We have already seen that 
the vibrations of a pendulum decrease in number as the 
length increases, and hence, with an uncompensated 
pendulum the clock which it regulates will gain time 
in winter, and lose it in summer ; because being colder 
in winter the pendulum is shorter, and warmer in sum- 
mer the pendulum i& longer. By forming the pendulum 
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of rods of different metals, so that the difference in their 
expansion always keeps the point of suspension at the 
same distance from the centre of gravity of the pendulum, 
the number of vibrations is rendered constant. In the 
same way, the rim of the balance-wheel in the chrono- 
meter is formed of a compound bar or bars, which cause 
the weight of the rim to advance or recede from the 
centre with changes of temperature, and thus regulate 
the number of oscillations which it will make, and by 
this means the speed is regulated. Sometimes the 
pendulum weight is formed of a vessel containing a 
quantity of mercury, arranged so that when the heat 
ex|)ands the rod of the pendulum, and so lengthens it, 
it also expands the mercury, and causes it to rise in the 
vessel, and thus alter the centre of gravity upwards, to 
counteract the increased length of the rod. 

193. Expansion of Liquids, — Liquids, like solids, 
vary very much in the expansion which they undergo 
when subjected to the same increase in sensible tempera- 
ture, as indicated by the thermometer. The fraction of 
the total volume of any liquid which it expands when in- 
creased 1^ in temperature is called, as in the case of solids, 
the co-efficient ofexpansimi of that liquid, and with few 
exceptions, and within very narrow limits of the freezing 
and boiling points, is always a constant quantity for the 
same liquid when under the same conditions of pressure. 
As we have already seen, the structure of the mercurial 
and other liquid thermometers depends upon this law. 
The expansion of liquids is not, however, perfectly 
uniform, and this irregularity becomes very great when 
the boiling point is nearly reached. 

Water presents a very remarkable exception to the 
general law that between the freering and boiling points 
the volimie continues to increase by the addition of in- 
crements of heat. Water, as we have already seen, 
freezes at 32** Fahr., and if we warm it until it registers 
39.4** Fahr., or very nearly 40° Fahr., we find that, instead 
of expanding, it continuously contracts until the latter 
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temperature is reached. At this point the water has the 
greatest dermtj/y and therefore any given volume of water 
weighs more at this temperature than at any other. If 
we continue to add further heat, we find from this point 
that it commences to expand, and then follows the ordi- 
nary law of liquid expansion up to nearly the boiling 
poini, 212^ Fahr. This fact has an important bearing in 
the economy of nature, for it secures that water dball 
always commence to freeze at the surface of a lake or 
river rather than at the bottom, because the water never 
begins to freeze until the whole has been cooled down to 
40", and then the ice forming at the top prevents the 
lowering of the temperature in the water beneath, except 
by conduction. Fish can therefore live beneath the 
surface of the ice, and not be subjected to a lower tem- 
perature than about 40° Fahr. 

194. Melting Point, — Most solid bodies, when sub- 
jected to a continuous increase in temperature, continue 
bo expand until a point is reached at which the solid 
state can no longer be maintained, and the body assumes 
a liquid condition. This melting point differs in almost 
all cases for different substances, but remains constant 
for the same body. Some substances, such as wood or 
stone, do not melt, but become decomposed or chemically 
changed, while carbon itself neither changes nor melti^ 
however high the temperature, even when increased to a 
white heat Hence the use of carbon to form the poles 
in an electric arc or the thin filament in an incan- 
descent lamp. The behaviour of different bodies just at 
the melting point under the infiuence of temperature 
varies very much, and some pass suddenly from the one 
state to the other, while others have an intermediate 
stage of viscosity, like softened glass or wax, which can 
be moulded into any desired form. The difference in 
the melting point of different solids is very great. Phos- 
phorus, for example, melts at about 80° Fahr., which is 
far under the boiling point of water, while platinum 
only melts at about' 3,600° Fahr. When passing from the 
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solid to the liquid condition, almost all substances change 
in the volume which they occupy. Water, for example, 
when^obtained from ice, occupies less volume than the ice 
from which it was produced, and many other substances 
act in the same way. It has been found that all bodies 
which contract in this way when passing from the solid 
to the liquid condition have their melting point lowered 
when subjected to greater external pressure, and the 
reverse takes place when the substance expands on 
liquefaction, which is the case with such substances as 
wax or sulphur. These phenomena are in strict accord- 
ance with the requirements of the mechanical theory of 
heat. 

195. Boiling Point — ^When a liquid is heated up to 
a certain point, which is constant for the same liquid 
under the same conditions of pressure, but different for 
nearly all substances, the liquid condition can no longer 
be maintained, and it passes into the gaseous state. 
This boiling point is so low in some liquids, such as 
ether, that it is below the ordinary temperature of the 
human body ; and we are all familiar with those fixed 
gaseous bodies, such as oxygen and nitrogen, in the air 
which can only be retained in the liquid condition by 
the application of intense pressure and cold. Tlie influence 
of pressure upon the boiling point has already been 
noticed, and hence, in measuring the temperature at 
which any liquid boils, it is always necessary that the 
pressure should be noted, and be the same when com- 
parison with other liquids is desired. The boiling point 
of any liquid, indeed, is always that point at which the 
elastic force of the vapour exactly overcomes the pressure 
which is above it, and the molecules of which the liquid 
is composed therefore pass into the superincumbent at- 
mosphere. Under pressure, the boiling point may be 
raised to a point far above that at which the liquid boils 
under the ordinary atmospheric conditions. In the case 
of water, the rise amounts to about ^th of a degree Fahr. 
for every -j^th of an inch of rise in the barometer, and 
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falls in a corresponding degree with a fall in the baro- 
meter. Hence, water boils at the top of a mountain or 
under the receiver of an air-pump at a far lower tem- 
perature than 212^ Fahr. The faXL in temperature is 
about 1** Fahr. for every 590 feet of elevation; and 
hence, if we note the boiling point of water at two 
different stations, we can approximately estimate the 
difference in the elevation of the two stations. 

196. Expansion of Gases. — From the nature of the 
conditions of the molecules in any gas, the process of 
expansion or contraction under the influence of higher 
or lower temperature does not take place in the same 
manner as in solids or liquids. When the gas contained 
in any given space is cooled, it does not cease to occupy 
the same space, but its elasticity is deci-eased, and it 
ceases to exert the same pressure which it formerly did 
upon the walls of the containing vessel When the tem- 
perature is increased the elasticity is also increased, and 
the pressure upon the walls of the vessel also increased 
If the pressure is maintained constant, by permitting the 
gas to expand and fill a larger volume, and therefore 
exert the same pressure upon the walls of the containing 
vessel, it is found that within certain limits all gases ex- 
pand in exactly the same proportion of their original 
volume for every similar increase in sensible temperature. 
This co-efficient of expansion may be taken at ^-J-^th of 
the original volume of the gas for every 1** Fahr. which it 
Is increased in sensible temperature, and the elasticity of 
the gas, or the pressure which it exerts upon every square 
inch of the containing vessel, if the volume is kept con- 
stant, is also augmented in the same degree by the same 
rise in temperature. In speaking of the various scales in 
use for the graduation of thermometers, we have already 
seen that in the case of the Centigrade and R^umur the 
freezing point of water at the ordinary atmospheric pres- 
sure is t&ken as the zero, or starting point from which the 
degrees are measured. In the Fahrenheit scale the zero 
is 32** below this point. The constant co-efficient of ex- 
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pansion of gases, however, gives us a much more scientific 
zero point from which to measure temperatures, and which 
enables us to simplify the expression of the two laws of 
Boyle and Charles, which we have already seen (133, 
134), into one general law, viz. : that the product of the 
volume and pressure of any gas is proportional to the 
absolute temperature when measured from the absolute 
zero. If the increase of 1** Fahr. increases the elasticity 
or volume of any gas by ^-l^^th part of the original volume, 
then the cooling of the mass by the same degree will de- 
crease the volume or elasticity by the same amount; and 
hence when, say, at the temperature of freezing water 
(32° Fahr.), we decrease the temperature 490° Fahr., or 
to about 458° below the zero of Fahrenheit, we shall 
reach the point where all the elasticity and temperature 
of the body will be exhausted, and this point — 458** 
Fahr. — is termed the absolute zero. At this point, ac- 
cording to the dynamical theory of heat, all the motion of 
the molecules of the body, upon which its sensible tem- 
perature depends, would cease, and we should probably 
have a condition of things which would present as great a 
difference between the condition of matter in that state 
as between the present phenomena exhibited by solids, 
or liquids, cuid gases, and which we may term an tUtra- 
solid state. No means at our command enable this 
temperature to be produced, and hence there may be a 
failure in the law of decrease in elasticity in its relation 
to temperature before we reach the absolute zero; but 
the law holds good within aU the range of experimental 
observation. 

197. Specific Heat. — We may here mention that, ex^ 
cept under the same conditions of pressure, and within a 
comparatively narrow range of temperature, the same 
quantity of heat will not raise the body through the 
same number of degrees of sensible temperature. Thus, 
it requires a different amount of heat tx) raise the tem- 
perature of a given volume of water from 39° Fahr. to 
40° Fahr., or through 1° Fahr., than it does to raise the 
p 
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same volume from 100** Fahr. to 101** Fahr., or through 
1° Fahr. in a different part of the thermometric scale. 
The capacity to receive heat in any substance is called 
the specific lieat of the body, and it differs in nearly 
every substance, in the gaseous, liquid, and solid con- 
dition. Not only so, but it differs for the same substance 
at different temperatures, except in the case of perfect 
gases, when the specific heat of a given mass of the same 
substance remains constant within all known ranges of 
temperg,ture. The specific heat of water is thirty times 
greater than that of lead, so that the same quantity of 
heat which would raise 1 lb. of water throu^ 1° Fahr. 
in temperature would raise 1 lb. of lead through 30** 
Fahr. In the same way, the specific heat of air is only 
about one-quarter that of water ; and since air is about 
770 times lighter than water, the same quantity of heat 
which would raise a cubic foot of water through 1** Fahr. 
would raise the whole volume of air in a small room to 
a red heat. This accounts for the very great influence 
of the ocean upon climate, as the water absorbs such 
large quantities of heat that it exercises a cooling in- 
fluence in summer, and the heat given off in winter 
warms the air to a far larger degree than would be the 
case if the specific heat of air and water were the same. 
As regards gases, the specific heat is greater when the 
volume is kept constant than when the pressure is con- 
stant, because in the latter case expansion takes place, 
and a larger amount of heat is absorbed in the perform- 
ance of intermolecular work, on account of the increase 
in volume. In a perfect gas this relation is as 1 to 
1-414. 

198. Latent Heat, — When any body passes from the 
solid to the liquid or gaseous condition, a considerable 
quantity of heat is absorbed, which becomes laient^ so 
that it does not affect the sensible temperature of the 
body. Thus, when ice is melting in water, which is 
supplied with a continuous number of increments of 
heat, the temperature of the water never rises, notwith- 
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standing the continuous supply of heat, so long as the 
least quantity of ice remains unmelted. In the same 
way notwithstanding the continuous supply of heat, 
when we reach the boiling-point the temperature of the 
water never rises above 212° Fahr. so long as any water 
remains ; and the temperature of the escaping steam is 
also only 212° Fahr. In consequence of a portion of the 
heat becoming latent in the melting of ice, it follows 
that to melt any quantity of ice as much heat has to be 
imparted to it to enable it to melt as would raise the 
same weight of water 143° Fahr., and the temperature of 
the melted ice will only be the same sensibly as that of 
the solid ice. In the same way, to convert any weight 
of water at a temperature of 212° Fahr. into the same 
weight of steam at the same temperature requires 967 
times as much heat as would raise the same weight of 
water through 1° in temperatura Hence, we say the 
latent heat of water is 143° Fahr., and of steam 
'967° -Fahr. When the water freezes into ice, or the 
steam condenses, the whole of this latent heat re-appears 
again. Latent heat may thus be defined as the quantity 
of heat which must be communicated to any body in a 
given state in order to change it into another state 
without any alteration in the sensible temperature of the 
mass. According to the dynamical theory of heat, this 
latent heat is entirely employed in forcing and keeping 
asunder the molecules of the water which, in the case 
of steam, is rendered visible by the greater volume 
w^hich it occupies as compared with the water. The heat 
is, indeed, employed in conferring upon the molecules of 
the water greater potential energy, which is released and 
becomes kinetic when the steam condenses or the ice 
melts. It is in consequence of this latent heat that 
steam will scald the body more than hot water at the 
same temperature, and that a fall of rain or snow warms 
the atmosphere. 

199. Convection o/ Heat. — When liquids or gases are 
heated at any point, the heat is distributed thsow*^<:s^ 
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the whole mass of the liquid or gas by the formation of 
currents within the mass. These currents are the results 
of the greater motion imparted to some of the molecules 
of the body by the application of the heat^ and being 
free to move, they force their way amongst the colder 
molecules, and thus tend to equalise the temperature. 
When heat is applied at the bottom of any vessel, the 
molecules of liquid or gas tend to expand further apart, 
and thus become relatively lighter by occupying a larger 
volume, and under the action of gravitation they rise 
upward. This upward current also produces a corre- 
sponding downward current, because as the one set 
of molecules rises the colder molecules rush in beneath 
them, and thus come in contact with the source of heat. 
If heat were applied at the top of the vessel instead of at 
the bottom, then no currents would be formed, because the 
expanded molecules would remain at the top, and have 
no tendency to distribute themselves through the mass 
except by the slow process of transfusion. The currents 
of the ocean, such as the Gulf Stream, are the result of 
this convective action of the warm waters of the tropical 
seas, and the winds are the result of the unequal heating 
of the air by the sun and contact with unequally heated 
portions of the earth. 

200. Cofuliiction of Heat. — When the molecules of a 
solid body are heated in any part, they are not free to 
move in the same way as those of a liquid or gas, and 
nence, no currents are formed. The heat is, however, 
slowly communicated from molecule to molecule by the 
increaseil motion of the heated molecules being com- 
municated to those which lie next to theuL. This process 
of communicating heat is called eonduciion. We have 
a good instance of this method of the transference of 
heat when a ^ver spoon is placed in a cup of hot liquid. 
The heat is slowly communicated up the stem of the 
spoon, until, if the liquid be sufficiently hot, it is impos- 
sible to touch the end of the spoon withooi burning the 
iin^rs. Solids differ very mudi in the capacity which 
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they possess to conduct heat. Metals possess it in the 
highest degree, although they differ very much in this 
respect. Such substances as glass or wood, and fibres or 
textile fabrics of wool or cotton, are very bad conductors. 
In consequence of this latter property, we clothe ourselves 
in cotton or wool, because they will not conduct the heat 
away from the body, but cause it to be retained, and hence 
they afford the necessary protection against radiation, or 
the cooling influence of the surrounding air. This is the 
reason why when we touch a piece of cloth it feels warm, 
because it does not conduct the heat away from the 
fingers ; but if we touch a metal plate it feels cold, as the 
heat is abstracted from the hand and conducted into the 
interior of the metaL If a series of thermometers be in- 
serted into a metallic bar, at different distances from the 
end, and then heat be applied at the end, it will be found 
that the thermometer nearest the end is affected first, then 
the next, and so on to the last. The rise in temperature 
will also be greatest always in the thermometer nearest 
to the source of heat, and it will diminish as we recede 
from it. Amongst metals, silver possesses the highest 
degree of conductivity, and platinum amongst the least, 
while copper, gold, iron, and lead occupy intermediate 
positions, in the order in which they have been here 
named. 

201. Radiation of Heat. — ^When the hand or any other 
portion of the body is placed at a distance from any 
heated substance, a sensation of warmth is experienced, 
in consequence of the radiation of heat from the surface 
of the hot substance into the surrounding space. This 
arises from the fact that the motions of the molecules of 
the heated substance, which constitute its sensible heat, 
are communicated to tlie surrounding ether, which per- 
vades all space, and these ethereal motions are the 
radiant heat. In the same way, when they reach a 
certain degree of intensity they become visible as 
light. We have already seen (179) that when the rays 
of energy which emanate from the sun are dis^^x^'?^ Vs^ 
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means of a prism, we have, in addition to the luminous 
rays, which are arranged in a certain definite order, 
a heat spectrum beyond the extreme red and a chemical 
or actinic spectrum beyond the extreme violet, and that 
there is every reason to suppose that the heat and actinic 
i-ays differ from the luminous rays only in the length of 
the ethereal wave which constitutes them. This identity 
in kind between heat and light and actinism is further 
proved by the fact that heat and actinism, like lights are 
capable both of reflection and refraction from the surface 
and through the substance of various bodies. During 
reflection and refraction radiant heat obeys exactly the 
same laws as light, and it is unnecessary, therefore, to 
repeat them here. Heat can also be made to undergo 
polarization, both plane, circular, and elliptical, exactly 
the same as light, and the heat-waves can also be made 
to interfere with each other, and produce phenomena 
which are strictly analogous to the same results obtained 
by luminous rays. The velocity of radiant heat in 
traversing space is also very similar to that of light. 

202. Absorption of Heat. — Th« power which different 
substances possess to absorb radiant heat differs very 
widely. This power depends upon the capacity of the 
molecules of which the substance is composed to receive 
motion from the ethereal waves which break upon them. 
It has been found that all those bodies which, when 
heated, can readily communicate the motion of their 
molecules to the surrounding ether, can with equal facility 
have their molecules set in motion by the ethereal waves, 
and hence, all good radiators possess great power of 
absorption, and all bad radiators have an equally small 
power of absorption. Amongst gases, water-vapour pos- 
sesses this power in a very remarkable degree The 
aqueous vapour of the air exerts an absorbing influence 
about seventy times greater than that of the air itself, 
and hence a very thin stratum of moist air will prevent 
the ludiation of heat from the earth into space far better 
than a much thicker stratum of air. The aqueous 
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vapour in the air thus plays a veiy important part in the 
economy of nature, because it prevents the escape of the 
heat from the earth into space which would otherwise 
enormously increase the difference in temperature between 
night and day. Indeed, if all the aqueous vapour were 
removed out of the atmosphere, it is highly probable that 
the unrequited radiation into space for a single night 
would reduce the temperature of the earth's surface to a 
point far below that at which life could possibly be sustained. 

203. Transmiasionof Radiant Heat. — We have already 
seen that many substances possess the property of trans- 
parency in regard to luminous vibrations, and that a 
very great diversity exists amongst these bodies in regard 
to the degree of transparency — some substances trans- 
mitting nearly all the light, while others intercept a large 
quantity. In the same way, many substances possess the 
property of transparency to heat vibrations or radiant 
heat. This property of substances is called diailiermancy. 
Although both light and heat are vibrations of the same 
ethereal medium^ it is found that transparent substances 
are by no means all diathermanous. Hock salt, however, 
which is partially transparent, is very highly diather- 
manous, and seems to allow free transmission to heat- 
waves of all wave-lengths, and hence, can be formed into 
prisms and lenses, which will disperse or concentrate 
rays of heat, in the same way that glass piisms and 
lenses disperse and concentrate light 

Liquids and gases also differ very much in regard to 
their power to transmit heat rays, and some which are 
quite transparent to light are impervious to heat ; while 
others, which are opaque to light, are highly diather- 
manoua As a rule, the substances which possess the 
most simple atomic structure are the most diathermanous, 
especially when in the gaseous state. The nature of the 
source whence the radiant heat is derived is also im- 
portant, because many bodies which are comparatively 
diathermanous to the most refrangible heat rays are quite 
impervious to those which are less refiungible. 
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204. Heat and Work, — We have already seen that^ 
whenever heat is expended in expanding the volume of 
any substance, a certain amount of work is done by 
forcing asunder the molecules of the body, and thus 
storing up the energy in a potential state. In the case 
of a gas which is confined within a vessel which prevents 
its expansion, the work accomplished by heating it 
increases the molecular motion of the gas, and thus 
augments its elasticity, which is measured by the 
increased pressure on the walls of the vessel. This 
increased elasticity may be utilised by permitting the 
gas to expand behind a movable piston, as in the 
cylinder of a steam-engine, and the result is the perform- 
ance of mechanical work. In the same way, when 
mechanical energy is expended in the compression of 
bodies or in friction, we have a considerable amount 
of heat produced. This may easily be shown by the 
sudden compression of a tight piston which wiU heit the 
air enclosed in the cylinder, or it may be observed in 
the stream of fire which flies from beneath the wheels 
of a train arrested by the sudden application of the 
brake. The reduction of the laws according to which 
these phenomena take place to a physical theory consti- 
tutes what is called the science of tJienno-dyruMnics. 

205. Thermo-dynamics. — The relation which subsists 
between the quantity of heat units which are expended 
in the performance of mechanical work and the quantity 
of work accomplished when measured by the weight 
which can be raised against a constant force, such as 
gravitation, is always a constant quantity. From a very 
large number of experiments which have been made 
in various ways to determine what is the numerical 
relation existing between heat and work, we may select 
the one employed by Dr. Joule as the most easily under- 
stood. Fig. 70 shows the apparatus, where B is a copper 
vessel enclosing a paddle, widch can be revolved by the 
descent of a weight, which unwinds a cord round the 
axis, A. When the weight has reached the bottom, the 
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pin, p, is taken out, and the wei^bt again raised bj the 
revolution of the handle at the top of the axis. The pin 
is then replaced, and the weight allowed to fall again. 
The height through which it falls is measured on a 
vertical scale. Inside the copper vessel are a series of 
partitions, through whidi the vanes of the paddle pass, 
and thus prevent the rotation of the water, and thus the 
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whole enei^ of the falling weight is employed in warm- 
ing the water by the friction of the paddle amongst the 
molecules of the water. The degree to which the water 
is warmed by any required fall of the weight is read off 
on the thermometer, T. By tlria means Joule establishirf 
the general law, which constitutes the first law of thermo- 
dynamics : viz., tjiat the fall of TT2 lbs. through 1 foot 
will exactly raise 1 lb. of water 1'' Fahr. in temperature ; 
or the converse : that the same amount of heat which 
will warm I IK of water 1° Fahr. in temperature will, 
if entirely expended in the pei-formance of mechanical 
work, raise 773 lbs, 1 foot high against tha i-sKft, cfL 



{ 



234 INTERMEDIATE TEXT-BOOK OP 

gravity. This quantity is known as the mscIianiccU 
equivalent of heat, and its discovery will always form one 
of the great epochs in the history of science. The second 
law of thermo-dynamics may be stated as follows : — If 
the absolute temperature of any uniformly hot substance 
be divided into any number of equal parts, the eflFects of 
each of those parts in causing work to be performed are 
equal. The relationship, therefore, between heat and 
work is a fixed and invariable quantity, and however 
the heat may be expended, it can never perform more or 
less than a constant amount of mechanical work. In 
the same way, however mechanical energy may be 
expended in the production of heat, it can only produce 
a certain and invariable quantity of absolute heat. As 
a result of this, the total quantity of work which any 
heat engine can perform will always be measured by the 
difference in absolute temperature between that at which 
it receives the steam, hot air, or other source of energy, 
and the temperature at which it parts with it. 



CHAPTER III. 

ELECTRICITY. 
I. PRIC5TI0NAL ELECTRICITY. 

206. Nature of Electricity, — Nothing is known respect- 
ing the real nature of electricity, but it is in all proba- 
bility a form of energy which is intimately associated 
with matter, in some such way that its manifestations 
are the result of the reaction of the ethereal medium 
and the molecules of matter upon each other. Electrical 
manifestations are always of two opposite chai*acters, and 
have been named positive and negative. Since they 
always appear and disappear simultaneously, they mus^ 
however, be regarded as parts of the same phenomenon, 
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and in their nature one, not two. These two opposite 
kinds of electricity are each self-repulsive, but mutually 
attractive ; so that a body positively electrified repels 
any other body in the same condition, but attracts any 
body negatively electrified ; and a negatively electrified 
body repels negative bodies^ and attracts positive ones. 
Electricity is not rare, but one of the commonest pheno- 
mena of the world, and pervades every manifestation ot 
matter which is presented by the changing conditions 
in which matter is exhibited under the action of force. 
Hence, electrical phenomena accompany every mechanical 
and chemical change occurring in matter, and is so inti- 
mately connected with them that they cannot be regarded 
as isolated phenomena, but only parts of a vast series 
of effects due to an imponderable medium, in which and 
by which matter itself probably exists, and on which 
all modes of force, such as light, heat, electricity, and even 
gravitation, probably depend. 

In the study of electrical phenomena it is necessary 
to suppose that all bodies are charged with a neutral 
imponderable fluid,, which is decomposed into two 
imponderable fluids, called positive and negative elec- 
tricity, whenever electricity is made manifest. These 
two electricities are always equal in quantity, and 
when permitted to combine together, re-form the neutral 
fluid again, when the evidence of electricity disappears. 
We must not understand that either of these fluids have 
any real existence, but the terms used in describing 
material fluids enable us to picture to the mind and 
assist in the explanation of the electrical properties of 
matter. 

Every substance around us is in a different electrical 
condition from all other substances with which it is in 
contact. 

Electricity, indeed, seems rather to partake of the 
nature of a strain in certain definite directions, which 
is induced in the electrified body, and which is propa* 
gated in different directions unequally, and also with & 
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different velocity in different bodiea Whenever the 
nature of a body is such that it permits this strain to 
pass through its substance, it is called a condiLctor, and 
whenever it resists the passage, an ingulatar. All bodies 
possess both these properties to a greater or less degree, 
so that the difference between various bodies in this 
respect is only one of degree — none are perfect conductors, 
and none perfect insulators. 

207. Production of Electricity. — Although all dif- 
ferent bodies are in different electrical 
states, yet under ordinary conditions 
this difference is so slight that it 
cannot be detected by unaided senses. 
When, however, two insulators are 
rubbed together, or brought into dose 
contact, the difference in 
electrioEd condition is ren- 
dered so great that the 
one becomes charged with 
positive and the other with 
negative electricity. Upon 
this principle electrical 
machines are usually con- 
structed. The simplest 
electrical machine consists 
of a glass rod held in the 
hand, and rubbed with a warm dry sUk cloth; and if this 
rod is then presented to a pith ball, suspended by means 
of a silk thread from a glass support, as in Fig. 71, we shall 
find that the ball is first attracted, and then, after touch- 
ing, repelled. If we move the rod nearer to the ball, it 
will then move away from it, showing that it is in a state 
of permanent repulsion. If now we take a rod of seM^ng- 
wax, and after rubbing itwithjlannel, present it to the ball, 
we shall find the ball is first attracted, and then repelled. 
It will now again be attracted by the glass rod, and then 
repelled from it This arises from the fact that the 
electricity produced by the friction of the glass and silk 
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is of the opposite kind from that produced by the friction 
of wax and flannel The electricity of glass is called 
positive, and of wax or resin negative. 

In consequence of the pith ball being suspended by an 
insulating thread, which will not permit the electricity 
communicated to it to pass, it retains the condition of 
electrical excitement produced in it by contact with the 
glass or wax rod. When, therefore, the glass rod is pre- 
sented to the ball, the neutral fluid in the pith ball is 
decomposed by the positive electricity of the rod, and the 
positive electricity on the ball being repelled away to the 
opposite side of the ball from the rod, the ball is attracted 
to the rod, because it is in the opposite electrical state on 
the side nearest the rod ; but when it has once touched 
the rod its electricity is neutralised by that of the rod, 
and then charged with the same electricity and repelled. 
Although repelled by the glass rod, it will now be 
attracted by the wax rod, and then repelled from it. If 
the glass and wax rod be held on each side of the sus- 
pended ball, it will pass from one to the other alternately, 
till all the electrical excitement on the rods has passed 
away, being alternately attracted and repelled from each 
rod respectively. The electrical cliarge, as we term the 
accumulation of electricity on the two rods, is thus com- 
municated by means of contact with the pith ball. Con- 
tact is not, however, the only way in which bodies com- 
municate electricity to each other, because when the 
charge is great the passage of a spark or flash between 
them without contact will communicate the electricity of 
one to the other. In this way the electricity of the earth 
and clouds is communicated to each other in a thunder- 
storm in the form of lightning. 

Whenever, indeed, an electrified body is brought near 
to a non-electrified conductor, the electricity of the latter 
is decomposed, and one of its constituents repelled, while 
the other is attracted. This decomposition of the electric 
6uid by the presence at a distance of an electrified body 
is called induction. Although friction is usually con.- 
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sidered ihe cause of electricity, it n certainly not so in 
the same sense tliat it is tiie cause of beat, because the 
amoout of electricity prodoced, as measured by the work 
which it will do, bean no relation to the amount of 
frictioD. It is probable, indeed, that tlie only a 
ooodition for the prodnctioa <k electricity is i 
between dissiniilar bodies. 




ne.Ji.- Elsetiicil MHhbiB. 

208. EUetrittd Maehinea. — When powerfdl charges 
of electricity are required, it is necessary to employ 
mecjianical means to produce the frictioD between the 
two exciting bodies. Fig. 72 gives a good illustratiiw 
of one of the conunonest torms of electrical machine. 
A cylinder of glass, x, is fixed on a hoiizontal axi^ 
so that it can be rotated by means of a handle. This 
aitis is innulated from the tube on which it rests by 
glass rods, which are remarkalily had conductors of 
electricity. A hollow brass tube, a, carries an elastic 
cushion, c, the sorfaoe of which is coated witii an amalgam 
' t the glass cylinder. 
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This cushion is supported also on glass rods, placed a 
short distance behind the cylinder. A silk cloth is 
usually attached to the cushion and passed over the 
upper surface of the cylinder, and lies upon the top of it. 
In front of the cylinder a hollow brass tube, b, corre- 
sponding to A, is placed, having a number of points, p, 
like the teeth of a comb, projecting out behind towards 
the cylinder, but not touching it. The tube B is called 
the prime condicctor. When the cylinder is rotated in the 
direction from A to B, the friction of the glass against the 
cushion and the silk cloth produces positive electricity 
on the surface of the cylinder, which passes through the 
points of the comb-like projections to the prime con- 
ductor, B, and accumulates on this surface. The negative 
electricity remains on the cushion and silk cloth, and is 
accumulated on the conductor A. When two bent 
rods, E and D, are inserted in the ends of the two con- 
ductors, and brought near together, a brilliant spark will 
pass between the two balls in which they terminate. 
The spark is not electricity, but incandescent matter, 
which is disrupted from the end of the conductor by the 
energy of the discharge, aud carried across the inter- 
vening space, and hence the colour is modified by the 
nature of the conductor. These two points are called 
the poles of the machine. Under ordinary circumstances 
the negative conductor is connected by a chain with the 
ground, so that the negative electricity escapes away, and 
the positive electricity can be used for experimental 
purposes ; but by insulating the negative conductor, and 
connecting the positive with the ground, the negative 
can be collected and used also. It is usual to express 
the positive electricity by the sign + , and negative by 
the sign - . 

In the machine above described the rubbed surface 
is a cylinder of glass, hence it is called a cylind^ir 
machine ; but other forms are employed, such as where 
a circular glass plate is used, and both sides are rubbed 
by elastic cushions. These are termed plate machines^ 
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and are more powerful than cylinder machines, but leas 
compact. There are also machines constructed the 
action of which depends upon the inductive action of a 
fixed charge of electricity, which produces the opposite 
electricity on a portion of the machine which is being 
continually discharged. 

The Electrophx)ru8 is a simple machine of this nature, 
in which a circular plate of ebonite or resin is charged 
with electricity by rubbing. A smaller disc of metal 
or wood covered with tin-foil, and having an insulating 
glass handle in the centre, is then placed on to the 
ebonite disc, and touched with the finger, so as to allow 
the electricity on the upper surface to escape. When 
the small disc, which is called the cover^ is raised by the 
handle, it is found to be powerfully charged with the 
opposite electricity to the ebonite plate. This operation 
can be repeated as often as required, by discharging the 
cover and replacing it again, and thus a continuous 
supply of electricity be generated by the original charge 
on the ebonite plate. In addition to these, we have also 
a machine which produces electricity by the disengage- 
ment of aqueous vapour through narrow orifices, and 
which is called a hydro-electric machine. "Various modifi- 
cations have been introduced into all these machines, 
which have greatly increased their efficiency, but whidi 
we have not space here to describe. 

209. Leyden Jar, — When it is necessary to accumu- 
late large charges of electricity, an arrangement is 
employed called a Leyden Jar, Fig. 73 gives an 
illustration of this jar, which is coated outside and 
inside with tin-foil up to within a certain distance 
from the neck. The top of the jar is stopped with a 
wooden lid, through which a brass rod with a ball at the 
top passes, and which, by means of a short chain, is 
placed in metallic communication with the inner tin-foil 
coating of the jar. When it is required to charge the 
jar with electricity, the outside coating is brought into 
connection with the earth, by placing it upon some 
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conducting substance or holding it in the band, and 
the ball communicating vith the inside is presented to 
the prime conductor of a machine, or other source of 
electricity. The + electricity thus becomes accumulated 
on the inner surface ot the 
jar, and — electricity on the 
outer surface ; and this ac- 
cumulation may be continued 
antil the tentvm, or tendency 
to unite, becomes so great 
that the electricity will epring 
across a considerable interval, 
when the two surfaces, inside 
and outside, are connected to- 
gether, either by a wire from 
the ball to the surface of the - 
outer coating, or in any other 
way. If the connection be 
made by means of the human 

body, by holding the jar ^ 

with one hand on the outer 

coating, and touching the ball with the other hand, a veiy 
smart shock will be experienced. When veiy large chai'ges 
are required, it is usual to connect together a number of 
these jars, by placing them upon a conducting substance, 
and then placing the balls in metallic communication. 
This combination is called a Lei/den Baltery. The shock 
from a powerful battery of this description is sufficient 
to destroy life, and a spark several inches in length will 
pass between the poles when connection is made. The 
charge which any Leyden jar can hold depends upon the 
extent of the coated surface, and for small thicknesses 
of glass is inversely proportioncl to the thickness, so 
that large and thin jars hold the most powerful charges. 

210. Electrical CAarjea. — Although, as we have 
already seen (206), we know nothing of the real nature 
of electricity, we can treat an electric charge as a mea- J 
surable quantity, by making observationii on the foroMfl 
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due to the charge. Bodies charged with the same elec- 
tricity repel each other, and with opposite electricity 
attract each other ; and it has been found that equal 
charges under equal conditions always produce equal 
forces. A unit quantity of electricity is taken, which 
may be defined as that which repels another equal quan- 
tity at unit distance with unit force ; and it is always 
found that when two such units of opposite electricities 
are united, they neutralise each other, and when two of 
the same sign are united, they exert a double force under 
the same conditions. Instruments which are used to 
indicate the existence of electric charges are called 
electroscopes, but when they are arranged so as to 
indicate numerical differences, they are called electro- 
meters. 

211. Distribviion, of Electricity, — When electrical 
separation has taken place, the distribution of electricity 
at rest on any conductor is such that the force between 
any indefinitely small quantity of electricity and every 
other quantity varies inversely as the square of the 
distance between them ; and this force is one of attrac- 
tion between electricities of different kinds, and repulsion 
between electricities of the same kind. In consequence 
of this law, when any electrical charge is imparted to 
a conductor, it will, when at rest, lie upon the surface of 
the conductor, although it may pass through the body of 
the conductor when in a state of motion ; and when any 
conductor forms a closed shell or hollow sphere, which 
contiiins an insulator inside, such as air, the electric 
charge will be entirely upon the external surface. The 
nature of the surface, however, modifies considerably the 
density of the charge which is upon it, because the 
electricity accumulates in the larger quantities on all the 
ridges and points than upon flat or rounded surfaces with 
large cui-ves. This unequal distribution renders the 
escape of the electricity into the surrounding space greater 
f i*om corners and points than from flat surfaces ; and in 
the same way, points attract electricity better than level 
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or gently-rounded surfaces. Hence the use of pointed 
terminals at the end of our lightning conductors. 

212. Electric PotentiaL — ^When electricity is in motion 
upon the surface of any conductor, before a condition of 
electric equilibrium has been established, the tendency 
which any portion of the electricity upon the conductor pos- 
sesses in virtue of which it moves from any one position to 
any other, is called the electric potential, and the arbitrary 
standard which is selected, by means of which we measure 
th^ relations of the potential of any body, is the force with 
which it will pass from the body to the earth, as determined 
by the work which it can perform during the passage. The 
potential of any conductor or point is therefore only 
the difference between its potential and that of the earth, 
in the same way as the work which any head of water or 
other gravitating matter will do depends upon the height 
above the sea level. The total quantity of work which 
can be performed by the passage of any given quantity 
of electricity, from a higher to a lower potential, is always 
the same for the same difference of potential; and 
hence, electrical separation follows the same invariable 
law as other forms of energy, and the relation betweeil 
expenditure of power and work performed is constant 
when measured by a standard unit. 

213. Velocity of Electricity. — When work is pei-formed 
by the passage of electricity from a higher to a lower 
potential^ time is occupied in its performance ; and the 
length of time depends upon the difference in potential 
between the two points, and the resistance oSeted to the 
passage of the electricity. When the motion is along d. 
conducting body, such as a metal wire, we term the 
moving electricity a current of electricity. T?hus, when 
the outer and inner coating of a charged Leyden jar are 
connected together, a current passes between them. 
Since the two coats are in opposite electrical conditions^ 
an equal and opposite current starts from each end of 
the conducting wire, and the middle of the wire is last 
teached by the current. In practide, however^ it ia u&ti^i 
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only to consider the + current, and the direction in which 
this moves is called the direction of the current. The 
velocity of the propagation of electricity has never been 
exactly determined, because for a given quantity it 
depends upon the capacity of the conductor ; but with a 
copper wire, and the discharge of a Ley den jar, Wheat- 
stone calculated it was about 288,000 miles per second, 
which far exceeds the velocity of light. Electrical induc- 
tion, which acts across the interval between an electrified 
and a non-electrified body, also occupies time — ^a time 
which differs in length with almost every different sub- 
stanca In the case of air, the velocity of electro-magnetic 
induction is practically the same as that of light in air, 
or about 186,000 miles per second — a fact which evidently 
indicates a high probability that the two manifestations 
are different modes of motion of the same medium. 

II. VOLTAIC OR GALVANIC ELECTRICITY. 

214. Voltaic Pair. — When a plate of zinc and a plate 
of copper — or, indeed, any two dissimilar metals — are par- 
tially immersed in a vessel containing weak acid which 
dissolves one of the metals, the free end of the zinc plate 
assumes a - condition, and the free end of the copper 
plate a + condition. If these two free ends are united by 
a wire, a current of electricity flows from the + to the — 
pole. Of course, as in the case of frictional electricity, 
a current of equal intensity also flows in the opposite 
direction, but we usually only consider the + current. 
During the passage of the current a change also occurs in 
the liquid between the plates, which undergoes decom- 
position, hydrogen being liberated at the surface of the 
copper plate, while the zinc is oxidised, and dissolves in the 
liquid. No change, however, is visible in the liquid between 
the two plates, the action taking place only at the surface 
of the plates. The liquid in any voltaic cell is termed 
the electrolyte, and the act of decomposing any liquid by 
means of an electric current electrolysis. Beneath the 
fiuface of the electrolyte the two plates are in the 
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opposite condition to what they are above. The zinc is 
in a + state, and the copper in a - state. The zinc is 
therefore called the positive element, because it is in a + 
condition, but the end of the wire from the upper 
part of the zinc plate is called the — pole, and the copper 
plate is called the tiegative element; but the wire from 
the copper plate terminates in the + pole. When any 
two metals are used in the plates, it is always found 
that the two plates assume opposite electrical conditions, 
and the various elementary substances may be arranged 
in the order in which they are electrically related to each 
other. The most easily oxidisable bodies are always 
electro-positive to the less easily oxidisable. Oxygen 
itself may therefore be taken as the most electro-negative 
body, and potassium the most electro-positive ; while all 
other substances occupy intermediate positions. 

215. Voltaic Battery. — The current from a single pair 
of dissimilar plates in a voltaic cell is necessarily only 
weak, «md whL very powerful currents are «quLd, it 
is usual to employ a number of these cells coupled 
together, which is termed a voltaic battery. It is also 
found that platinum or carbon forms a much better 
— element than copper, because more electro-negative, 
and two liquids within the cell a much more powerful 
arrangement than only one. When two liquids are used, 
it is, however, necessary to keep them apart by a porous 
partition. One of the most powerful and efficient ar- 
rangements in use is called the Bunsen Cell (Fig. 73), from 
the name of the inventor, Professor Bunsen. It consists of 
an earthenware or glass jar, v, within which is placed a 
plate of zinc, z, bent into a circular form, and amalgamated 
with mercury, so as to prevent local chemical action. 
Within the interior of this zinc plate a porous earthenware 
jar, p, is inserted, and within this porous jar a solid block 
of dense carbon, c, is placed. The space between the outer 
jar, V, and the porous jar is fiDed up with a dilute solution 
of sulphuric acid and water — about one-tenth acid — and 
the space round the carbon element withiw tVi<^ ^<st<^x>s^ 
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cell with strong nitric acid When the wire from the 
zinc plate and the wire from the carbon plate are brought 
togeuier, a current passes between them. The connection 
'with the carbon, which forms the + pola, ie made by 
inserting a metal plug into the opening at tbe top, or by 
uniting it to the carbon by means of a binding bci«w. 
The complete cell is shown at the end of the figure. 
Any number of these cells may be joined together ao as 
to form a more powerful arrangement When they are 
joined with all the zinc plates together, and all the cafhon 
ve say they are arranged for gvarUity, 




and give the same result as one large cell with an equal 
area of zinc and carbon. When they are arranged with 
the zinc and carbon coupled alternately, we say they are 
arranged for intensity, and the electro-motive force of 
one cell is added to the others, in proportion to the 
number, so that the current becomes much more energetic 
When the two ends of the wire from the two poles of a 
voltaic battery ai-e united, the current flows along the 
wire, and its sti-ength and intensity are proportional to 
the size of the cells and the number in circuit. If the 
wires are disunited, the electricity ceases to be r/^namtc, 
but the two poles become charged with alalia elecbricity 
in opposite conditions. The strengtii of this statical 
charge is projiortional to the strength of the dynamical 
eiectiicity. The strength of a curi-ent corresponds to 
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the quantity or mass of water which is flowing down a 
liver or through a pipe, and the intensity of a current to 
the velocity with which the water is moving. There are 
many other forms of voltaic batteries, but for these the 
student must be referred to st)ecial works on electricity. 

216. Laws regulating Electric Currents, — The metallic 
plates and liquids within the battery offer a resistance to 
the passage of the current, and outside the battery the 
conductii^ wires also offer resistance. In consequence of 
this, the electric tension in the wire is less as the length 
becomes greater. The force which urges the current 
forward, and which arises from the chemical action 
within the battery, is called the electro-motive force, and 
this is the equivalent of the electric potential in any part 
of the circuit. Tliis is much less in voltaic than fric- 
tional electricity, and hence the latter can overcome 
much greater resistances than the former. The decrease 
in the electric tension arising from the resistance of the 
wire is called the electric fall. The relations existing 
between currents and the resistance in the circuit were 
fully investigated by Professor Ohm, and the following is 
therefore called OlvrrCs Law, 

217. Ohm! 8 Law. — The strength of any electric cur- 
rent varies directly as the electro-motive force, and in- 
versely as the total resistance of the circuit. From this 
it follows : (1) The resistance of any uniformly con- 
ducting wire is directly proportional to its length ; (2) 
the resistance is also inversely as the area of its cross 
section, so that thick wires of the same material are 
better conductors than thin wires ; (3) the resistance 
also depends upon the nature of the conducting medium, 
and differs for every substance. This difference in re- 
sistance is called the specific resistance of the material. 

218. Effects of Voltaic Currents. — The effects pro- 
duced by voltaic currents may be considered as (1) 
chemical, (2) heating and luminous, (3) magnetic, (4) 
physiological. 

219. (1) Cliemical Effects, — When the two ends of 
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the wires from any voltaic cell, and which are termed 
electrodes, or poles, are immersed in an electrolyte, the 
effects produced are exactly the reverse of those which 
occur within the cell itself. The electrolyte is de- 
composed, but the hydrogen or its analogue appears at 
the negative wire, which comes from the positive ele- 
ment in the battery ; while the oxygen or its analogue 
appears at the positive wire, which comes from the nega- 
tive element in the batteiy. Whenever two substances 
enter into chemical union, their combining proportions 
are always a definite quantity ; and whenever decompo- 
sition is produced by the electrolytic action of a voltaic 
current, the elements are always liberated in the same 
definite proportions. The decomposed elements always 
appear at the surface of the electrodes, and never in the 
space between them. Upon this law de|)ends the process 
of electro-plating, by means of which a metallic deposit 
can be fixed upon any conducting substance attached to 
the - pole in an electrolyte, of which one of the com- 
ponents is a metal, such as silver, gold, copper, &a The 
amount of decomposition in the electrolyte is directly 
proportional to the chemical action which occurs within 
the battery. In consequence of this, the quantity of 
electricity passing through any circuit can be measured 
by the amount of electrolytic action which it can pro- 
duce. An instrument which measures this action by the 
amount of water decomposed is called a Voltameter, 

220. (2) Heating and Luminous Effects. — If a thin 
conductor of high resistance to the passage of the 
electric current be inserted between the poles of a vol- 
taic battery, it will become heated ; and if the resistance 
be great enough, and the current strong enough, it will 
become incandescent. Upon this depends the production 
of the electric light, in such lamps as Edison's or Swan's, 
where a thin ribbon of carbon is raised to a white heat 
If the poles be metal, or the resisting wire metal, such 
as platinum, the heat in a powerful current will melt it 
When carbon poles are used, and a space left between 
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them, with strong currents a brilliant arc of light passes, 
while a portion of the carbon is carried in the current 
from the + to the — pole, and the whole intervening 
space becomes luminous, both carbon poles being raised 
to a white heat. Upon this principle depends the pro- 
duction of the arc light, as in the case of the Siemens, 
Brush, and other lights. The total heat and light which 
can be generated in any circuit is always directly pro- 
portional to the amount of chemical action in the exciting 
battery, and bears a definite relation to that chemical 
action. In this way the strength of the current may be 
measured by the relative length of a given size of plati- 
num wire which it will heat, as compared with any other 
current. 

221. (3) Magnetic Effects. — If a wire along which an 
electric current is passing is placed horizontally over the 
surface of a compass needle, in the direction of its length, 
the needle will immediately change its position, and move 
round until it sets itself at right angles to the wire con- 
veying the current. The current of electricity evidently, 
therefore, a<^ like a magnet on the needle, and repels 
both poles to the farthest distance from it. When the 
current ceases to flow, the needle returns to its original 
position in the same direction as the wira This mag- 
netic effect enables very feeble currents to be detected, 
because if the needle be suspended in such a manner that 
the wire can be canied in a coil above and below the 
needle, so that the current shall circulate round it, the mag- 
netic effects will be increased in proportion to the number 
of convolutions. Upon this principle a very delicate in- 
strument, called a Galvanometer^ is constructed, which 
measures the strength and intensity of electric currents. 
Fig. 74 is an illustration of a simple form of this in- 
strument. Two needles are poised on a central axis, and 
arranged so that the north pole of the one corresponds 
to the south pole of the other, and thus they almost 
neutralise each other^s magnetism, and are thus rendered 
more sensitive to disturbing action. In this ooix^litv^^ 
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the needles are aaid to be astatie. The axis passes 
through the centre of a coil of wire, round which an 
electric current can he sent. When no current is pass- 
ing, the coil ia set with its longer axis in the directioo of 
the lengt'i of the needles — that is, from north to south. 




the whole range, the angular deviation is read off o: 
to the scale to which one of them points. The coil 
is preserved under a glass shade, to prevent currents 
of air from disturbing the needles. In the most delicate 
instruments the needles are suspended b; an umipuii 
silk thread. When strong currente have to be measured, 
the galvanometer is unsuitable, and another instrument 
is employed, called a tangent eomjmtt, or tangent gal- 
vanometer, where the current passes round a thick brass 
ring placed in the magnetic meridiuji, with a small 
compass in the centre, at right angles to the plane of the 
ring. When the current passes round the ring, tJie 
tangent of the angle of deflection of the needle is pro- 
}iortional to the strength of the current The direction 
in which the current flows deteiinines the direction of 
motion of the needles ; and in consequence of this, with 
suitable arrangements, called comjiiutaton, for reversing 
the direction of the current, the balanced needles can 
be made to move right or left at pleasure. On this 
principle all the needk ingtnimenie used in the eloctrio 
teleirrarih are constmcted. 
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222. (4) Physiological Effects, — We have already 
seen that when the current from a Leyden jar or battery 
is passed through the human body a smart shock is ex- 
perienced. The effects of voltaic currents are not so 
great, because the intensity is much less, but they can 
cause muscular contraction and powerfully affect the 
nervous system, and on account of this electric currents 
are now frequently used for medical pui-poses. 

III. ELECTRO-MAGNETISM. 

223. Magnets, — The ancients were acquainted with 
natural magnets, or loadstones, which possessed the power 
of attracting iron and steel, and when a piece of iron is 
rubbed with one of these loadstones it acquires similar 
properties. When a bar of steel has this property com- 
municated to it, it is called a magnet. When suspended 
by a thread, the magnet always arranges itself in a direc- 
tion pointing with its length nearly north and south. 
This direction is called the magnetic meridian, and in 
the same magnet the same end always assumes the same 
direction, and hence we term one end of the magnet the 
north, and the other the south pole. The mariner's com- 
pass is a familiar instance illustrating this property 
which the magnet possesses. In magnets it is usual to 
mark the north end, so that it can be recognised without 
suspending it, and hence it is sometimes called the 
marked pole. When another magnet is presented to 
a suspended magnet, the north pole of the one repels 
the north pole of the other, while the south pole attracts 
it, and vice versa. Like poles, therefore, always repel 
each other, while opposite poles attract. However small 
a magnet may be, it always possesses these two poles, 
and if a magnet is cut into two halves, each half imme- 
diately becomes double-poled, and acts in every respect 
as the magnet before it was divided. If the magnet is 
placed in a jar of iron filings, they are immediately 
attracted to the magnet, and attach themselves to ;t, but 
the largest quantities are at the two extremities, and the 
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number falls off from the ends to the centre position, 
where all attraction ceases. The attraction of the two 
ends is always equal. When the iron iilings are attached 
to the magnet, they acquire magnetic properties, and 
attract their fellows, but lose this property when their 
attachment to the magnet ceases. Some substances, such 
as steel, retain their magnetism when separated from a 
magnet, and hence a natural steel bar may be changed 
into a magnet by contact with a magnet, or, better still, 
by passing the opposite poles of two magnets along the 
bar from the centre, so that the north pole of one magnet 
is drawn towards the south pole of the other. The 
magnet is then said to be produced by induction. Perma- 
nent magnets are frequently made in the form of a U, 
with the north and south poles bent up towards each 
other, and a soft iron piece placed across from pole to 
pole, so as to connect them together, which causes the 
two opposite magnetic attractions to intensify each other, 
and thus preserves the magnetism of the bar. Such a 
magnet is termed a horses/toe magnet, and the soft iron 
connection the keeper. 

Magnetic influence is not only exercised upon neigh- 
bouring bodies by a magnet when in contact with them, 
but also through a considerable space around it, so that 
a bar of soft iron becomes magnetic even when an 
interval of space separates it from the inducing magnet 
The force or strength with which any magnet attracts 
or repels another is called the magnetic force, and this 
force varies inversely as the square of the distance from 
the magnetic pole. The space between the two poles of 
a magnet within which this attraction exists is called 
the magnetic JielcL 

224. Magnetic and Diamagnetic Bodies, — Substances 
which, like soft iron, are attracted by magnets are called 
magnetic, and they are attracted whichever pole they 
are presented to ; but there are also a large number of 
bodies, amongst which are some metals, such as bismuth 
and antimony, which are repelled by either pole. These 
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bodieii are spoken of as diamagnetic. When magnetic 
bodies are placed within the magnetic field of two powei^ 
fnl magne^ they arrange themselves with their greatest 
length from pole to pole, while diamagnetic bodies 
arrange themselves witii the greatest length at right 




Fig 75, 



angles to the line joining the polea. All bodies have 
been found to be more or less magnetic or diarai^netia 
225. Electro-magnetg. — We have already seen that 
an electric current affects a magnetic needle, and that 
this effect is proportional to the number of times which 
the current circulates round the needle. If, however, an 
electric current is passed, not round a, magneuc needle, 
but round a soft iron bar, the bar becomes a m^net, 
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and retains its magnetism so long as the cmrent passes, 
but loses it whenever the current ceases. In tJus wajr 
very powerful magnets can be formed. Fig. 75 is an 
iUuatrntioD of such a magnet. A soft iron bar, c, is bent 
into the XJ shape, and the two ends Bmrounded by coUs 
of wire wrapped on to two bobbins, A and B. When S 




current of electiiuity is passed round the coils, tlirongh 
the wires from x to y, the soft iron core becomes a 
magnet, and attracts the keeper, s, with a force sufficient 
to KUHtain the heavy weights placed on the board, H. 
When the circuit is broken and the current ceases to 
flow, the soft iron immediately loses its magnetism, and 
the weights fall to the ground. By this means far more 
powerful magnets can be made than by any other pro- 
cess, and when a steel core is substituted for the soft 
iron, the steel becomes a ^rmanent magueL The fact 
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that soft iron loses its magnetism whenever the current 
ceases to flow is taken advantage of in the construction 
of electro-magnetic engines, by means of which the 
energy of a cuirent of electricity can be changed into 
mechanical motion. Pig. 76 represents one form of these 
engines. Two keepers are arranged at the two ends of a 
reciprocating beam, immediately above two double coils 
with soft iron cores. The current of electricity is alter- 
nately passed through them by the action of a sliding 
bar, worked from the crank shaft by means of an 
excentric. When the current is passing through one of 
the sets of coils, the core becomes a magnet, and attracts 
the keeper, and thus draws down the one end of the 
beam. The current is then broken, and the attraction 
ceases on that keeper, and the current being transferred 
to the other coil, the keeper at the other end of the beam 
is attracted and drawn down, lifting up the other keeper 
again, so as to be ready for the next attraction. In this 
way the reciprocating motion is obtained, and transferred 
by a long lever attached to one end of the beam to the 
crank arm, and so to the crank shaft and fly-wheeL The 
momentum of this wheel carries the machine over the 
dead centres, just as in a steam-engine. Many of the 
machines used for telegraphic purposes, such as the call 
bells, and the means by which the carbon poles in the 
arc electric lights are made to approach each other 
automatically as the carbon is consimied, are constructed 
on this principle of momentary magnetism, induced in a 
soft iron core by the passage of an electric current. 

226. IndtLCtion Currents. — While an electric cur- 
rent can be made to produce a magnet, the converse is 
also true, and a magnet can also be made to produce a 
current of electricity. An electric current can, indeed, 
be produced in any closed circuit, either by moving a 
magnet near to it, or by moving the circuit across the 
magnetic field. Further than tMs, it is found that any 
electric current whose strength is changing can produce 
another current in luiy closed circuit which is neax t^ V^k 
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Currents of electricity produced bj any of these means 
are called Induction currents. The current which causes 
the induction is called the primary current, while the 
induced current is called the secondary current. 

227. Currents produced hy Magnets, — If we take a 
coil of insulated wire, and connect it with a delicate 
galvanometer, and insert a magnet within the coil, a 
momentary current is induced in the coil, which will 
deflect the galvanometer needle. When the magnet is 
withdrawn from the coil, a similar induction current is 
produced, only in an opposite direction along the wire. 
In the same way, if the magnet is allowed to remain at 
rest, and the coil is moved over the magnet and with- 
drawn from it, similar currents are produced. The 
strength of these currents depends upon the strength of 
the exciting magnet, and the rapidity with which the 
magnet or coil is moved. It is upon this principle that 
the powerful currents required for the production of the 
electric light are generated. Coils of wire, arranged 
in various ways, are made to rotate by steam, gas, or 
water-power between the poles of sets of very powerful 
magnets, and the currents generated in them can be 
changed into one direction by means of suitable commu- 
tators, and collected together into one powerful curreut, 
which far exceeds any current in strength which can be 
economically produced by chemical means. As a rule, 
the magnets in these Dynamo-electric ma^chines are them- 
selves produced by the passage of the electric current 
round soft iron cores. Advantage is usually taken of the 
fact that even soft iron, when once magnetised, does not 
entirely lose its polarity when the current ceases. A 
certain residual mxignetism therefore remains in the soft 
iron when the machine is at rest. When the machine is 
set in motion, feeble currents are generated in the coils, 
and these, passing round the soft iron cores, exalt the 
magnetism, and thus increase the strength of the magneta 
Tliis again re-acts upon the currents, which increase in 
atren*^h, therefore, proportional to the speed with which 
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the machine revolves. These maclimes are the exact 
reverse of electro-magnetic engines, in which a current 
of electricity is changed into mechanical motion (235) ; 
but any of the continuous current dynamo machines can , 
be used as electro-motors, because when a cun-ent from 
an independent source is introduced into them the 
armature revoives with great velocity. Power can thus 
be transmitted to a distance. 




Fls. 77.— InduoUon 



238. Currentg produced by Currents. — If a long coil 
of wire wound into a hollow bobbin is connected with a 
delicate galvanometer, a current of electricity is produced 
in it when a similar smaller bobbin with a current cir- 
culating round it ia introduced into the centi« of the 
latter bobbin. This arrangement is shown in Fig. 77. 
The strength of the induced current is much increased 
by placing a core of soft iron within the primary coil, ■ 
■which io the little bobbiu. If the small bobbin and soft 
iron core is allowed to remain within the large bobbin, 
^ induced currents cease, even although the current 
from the battery is passing ; but if the current from tV*, 



( 



258 INTERMEDIATE TEXT-BOOK OF 

battery is made discontinuous, by rapidly breaking tho 
circuit the same effect is produced as if the inner bobbin 
was lifted out and in with equal rapidity. This breaking 
of the circuit can be accomplished by various mechanical 
means, and when this is done rapidly, momentary 
currents in opposite directions are produced in the 
secondary coil of very great intensity, far exceeding that 
of the primary circuit. The tension or intensity of the 
induced current is proportional to the strength of the 
primary current, and to the square of the resistance in 
the secondary coil. Hence, the finer the wire, and the 
greater the length in the secondary coil, the more 
intense are the currents induced in it. They are also 
inversely proportional to the duration of the primary 
current, so that the more rapid the circuit is broken 
the more intense are the induced currents. The strength 
and intensity of the secondary currents are greatly in- 
creased by the introduction of a condenser into the 
primary circuit. This condenser is formed of a series of 
plates of tin-foil, insulated from eaph other, the alternate 
plates of which are connected with opposite poles of the 
primary circuit. This acts like a Leyden battery, and 
shortens the duration of the primary current when the 
circuit is broken by the contact-breaker. It is upon 
this principle that Kuhmkorff constructed the induction 
or intensity coil. The currents pitxluced by large 
intensity coils are like small flashes of lightning, and far 
exceed in quantity those produced by friction or othei 
means. They will instantly charge large Leyden jars, 
and produce the most beautiful limiinous effects when 
passed through sealed tubes from which the air has been 
partially exhausted. Nothing can exceed the beauty 
of the effects produced within these tubes when they 
are arranged in different forms, and filled with various 
attenuated gases, and especially when they are caused 
to rotate at right angles to the direction of their length 
One of the most cuiious results is the formation within 
the tahe of dark curved bands, or istratifications, at right 
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angles to the direction of the current, and which move 
forward from the + to the - pole. 

229. Belation of ElectricUy to Magnetism. — The 
production of electric currents by the motion of magnets, 
and of magnets by the circulation of electric currents 
round non-magnetic bodies, indicates that there must be 
a close relation between the two phenomena. Ampdre 
suggested that magnets are nothing more than bodies 
in which all the molecules are arranged with their like 
poles in one direction, and that round every individual 
molecule of a magnet electric currents are ceaselessly 
circulating. Professor Olerk Maxwell came to the 
conclusion that the longitudinally set molecules which 
form a magnet are all rotating on their longer axis, and 
suggested that if a similar motion is taking place in the 
ether, which forms the medium of light, it will produce 
tensions along the lines, and pressures at right angles 
to them, and afford a satisfactory explanation of the 
magnetic attractions and repulsions which occur across 
empty space, and appear to be the cause of magnetic 
induction at a distance. 

230. TeiTestrial Magnetism. — Owing to the unequal 
heating of the surface of the earth, and its rotation in 
space, as well as probably from other causes, the earth 
acts as if it were a magnet, and it is in consequence of 
this that a needle when freely suspended points north and 
south. The poles of rotation of the earth do not, however, 
exactly coincide with the magnetic poles, and hence the 
needle does not point exactly to the north and south poles. 
The magnetic north pole is about 1,000 miles from the 
geographical pole, the direction in the British Isles 
being to the west. This deviation from the true north 
is called the m/ignetic declination. If the needle is 
suspended in a vertical instead of a horizontal direction, 
it is found that it does not lie in a horizontal plane, but 
dips at one end. This dip or inclination of the needle is 
about 67*^ 39' at the present time in England, and at the 
magnetic pole it would be 90^", so that the noodle 'w^^^^ali&l 
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be vertical. Both the declination and dip are subject to 
continual variation every day, and to slower changes, 
which depend upon the position of the earth in its orbit 
and other causes, some of which extend over many 
years. Sudden variations are termed magnetic storms, 
because they indicate great variations in the intensity of 
the earth's magnetism, and are often accompanied by 
electrical disturbances in the atmosphere, which are 
exhibited in such phenomena as the Aurora borealiSf 
&c These changes also appear to be in some way con- 
nected with the appearance and number of spots on the 
surface of the sun. 

IV. THERMO-ELECTRICITY. 

231. Electric Currents proditced hy HeaJL — ^We have 
already seen (220) that when a current of electricity 
passes through a conductor which offers great resistance 
the conductor is heated. When the wire is sufficiently 
small in diameter, or the current very strong, the wire 
will be raised to incandescence, or even melted. When 
any closed circuit is formed of two dissimilar metals, and 
the point of junction of the two is heated, a current will 
pass from one to the other round the circuit. Two dis- 
similar metals are not^ indeed, necessary, for if the same 
metal, except in the case of lead, be unequally heated on 
two sides of the point of junction, a current will pass in 
the direction from the hot to the cold end. When the 
same metals are used, the thermo-electro-motive force is 
proportional to the difference in temperature between 
the two parts. When a number of these unequally 
heated metal junctions are joined together in circuit, a 
titermo-electric battery is formed, and the total electro- 
motive force is proportional to the sum of the thermo- 
electric forces at the several junctions. 

232. Themuhpiles. — When it is desired to obtain 
ermic couples which will exhibit the greatest amount 
sensitiveness to heat, such as radiant heat, it is usual 
make the theimo-electric couples of two metals which 
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exhibit the most thermoelectro-positive and electro- 
negative properties. Bismuth and antimony stand at 
opposite ends of the scale in this respect ; and hence, 
when a number of couples of these two metals are 
arranged in circuit, so that all points of junction can be 
subjected to the action of the heat rays, we possess a 
means of determining minute differences of temperature 
which far exceeds the ordinary thermometer. Such an 
arrangement of couples is called a thermo-pile, and is 
used along with a short coil galvanometer with astatic 
needles. The strength of the electric current generated 
by the pile is measured as in the ordinary galvanometer, 
and is thus a measure of the heat falling upon the face of 
the pile. 

V. ANIMAL ELECTRICITY. 

233. Animal Electricity. — We have already seen 
(222) that when an electric discharge or electric current 
is permitted to pass through the animal organism, violent 
muscular contractions are the result. There are, how- 
ever, other electrical phenomena which are manifested. 
All furred animals, such as the cat, when in a dry con- 
dition, and the fur excited by friction, are capable of 
giving off sparks, and the same applies to the human 
body, which, when diy and insulated, becomes charged 
by the friction of the clothes with the skin, and under 
suitable conditions will give a spark. All muscular 
movements are also accompanied by the passage of 
electric currents along the nerves. 

234. Electric Fish. — The most remarkable instance of 
animal electricity, however, occurs in the case of the 
two singular fishes^ the Raia torpedo, a species of ray, 
and the Gymnotus eUctricus, a species of eel. The former 
is provided with an electric organ, situated on the 
back of its head, by which it can give a most power- 
ful shock, probably as a means of defence ; and the latter, 
although not so powerful, can, when excited, also give a 
very strong shock. 
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VI. APPLICATIONS OF ELECTRICITY. 

235. Tlie Telegraph, — ^The applications of electricity 
become more numerous every year. At an early date 
the passage of electricity along insulated wirefj suggested 
the possibility of conveying messages instantly to any 
required distance. It has been found that only one 
wire is required, because the earth serves in all cases as 
a return wire, to complete the circuit. The currents of 
electricity may be generated from any source, and the i-e- 
cording instruments comprise either single needles, the 
oscillation of which can be made to represent the alphabet 
or code, or automatic machines, embodying clock-work, 
electro-magnetic engines, or other suitable machines for 
transmitting and self-registering the message, either in 
a code or by ordinary printing. All these methods 
are now employed, and wherever the wires are carried, 
whether buried in the earth, suspended in the air, or 
sunk in insulated cables beneath the surface of the 
sea, the messages also are carried and read, and thus the 
electric wires, like the nerves of the human body, connect 
together the far-scattered children of men. 

236. The Telephone, — ^The telegraph, which records 
only graphic messages, has found a formidable rival 
in the telephone. We have already seen that if a 
magnet is moved in the presence of an insulated coil of 
wire in closed circuit, a current is generated in it^ and 
the same effect occurs if the intensity of the magnetism 
of the magnet is undergoing a changa If, therefore, a 
coil of insulated wire is wound round the end of a per- 
manent magnet, and a keeper of soft iron is made to 
approach and recede from the face of the magnet, then 
electric currents are generated in the surrounding 
coil. In the telephone the keeper is a thin plate of iron, 
which vibrates with the soimd waves produced by the 
voice, and being in front of the permanent magnet, its 
magnetic state is altered, and a current produced, which 
varies exactly as the keeper is vibrating. At the other 
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end of the circuit a similar instrument is placed, but in 
this the process is reversed, for the currents traversing 
the coil re-act on the permanent magnet, and as its 
magnetism varies the thin keeper in front is thrown into 
responsive vibration, and thus reproduces in the air the 
original sounds. It is usual now to use a transmitting 
instrument, in which, by means of a micropJione^ the 
motion of the original sound waves is augmented by the 
vibration of a small loose j)iece of carbon. This motion 
is also in some forms further increased by the intro- 
duction of another current into the circuit, and thus the 
faintest sounds, such as the ticking of a watch or the 
footsteps of a fly, can be heard at the distance of miles. 
This instrument promises to be of great value in a 
medical point of view, because it enables variations of 
sound to be detected which escape the ordinary stetho- 
scope. 

237. The Photophone. — Several bodies, such as sele- 
nium, undergo a change in their power of conducting 
electric currents when exposed to the action of light, and 
on this principle an instrument has been constructed by 
means of which the vibrations of a plate, as in the 
telephone, are made to reflect a ray of light with varying 
intensity on to a suitable selenium receiver. The current 
which is passing through the receiver, therefore, varies 
in intensity, and acts upon a telephone which is placed 
in the same circuit, thus reproducing sounds as in the 
telephone. 

238. The Electric Light, — We have already noticed 
(226) that the dynamo machines enable very powerful 
currents to be produced by the agency of mechanical 
power, and this has led to a very much larger use of 
electricity as an illuminating agent than when currents 
could only be obtained from chemical batteries. The 
production of intensely powerful arc lights is therefore 
now practical, and for the illumination of large spaces, 
and where great light is required, is daily coming more 
into use. The production of thin carbon filaments in & 
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yacuum, wbich can be raised to incandescence by the 
passage of a current of electricity, has also led to the 
possible division of the current into a number of lights 
of great softness, brilliancy, and steadiness. The use 
of large arc lights is interfered with by the unsteadi- 
ness of the light, arising from the fracture of the 
carbon poles under imequaJ expansion, and the difficulty 
of properly regulating the approach of the poles to each 
other as the carbon consumes. The great variation in 
the light which occui's when the motive power of the 
dynamo machine varies also is another cause of difficulty, 
and this is intensified by the fact that the motor must be 
kept constantly working during the whole time the light 
is required, for if it stops the light instantly ceases. 

239. Storage of Electricity. — The last-named difficulty 
has led to the endeavour to find a means of accumu- 
lating a supply of electricity which can in some way be 
connected into the circuit so as to equalise the current 
under fluctuations in its production, as well as maintain 
the light when temporally stoppage of the generator 
occurs. It has long been known that whenever a current 
decomposes an electrolyte in a voltaic cell, a certain 
portion of the elements of which the electrolyte was 
composed are deposited on the two plates which form the 
poles, and when the original current ceases a new current 
is generated in an opposite direction by the action of 
these deposited film& By arranging a series of cells 
which contain terminal plates, specially prepared with 
coated surfaces, so that they will accumulate the elements 
of the electrolyte when a circuit is passed through them, 
very powerful secondary batteries^ as they are termed, 
are produced ; and when the original current is stopped, 
the reverse currents given out are both powerful and 
regular. Secondary batteries are, indeed, only voltaic 
batteries worked backwards, in which, by the action of 
the original current, a certain amount of chemical work 
is performed and stored up in a loose form of combina- 
tion, so that when the original current ceases the chemical 
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action is reversed, and the original energy re-appears in 
the reverse current. Considerable difficulty still exists 
in obtaining properly prepared surfaces, and securing 
regularity and permanence in the secondary currents ; 
but should success crown the many efforts which are now 
being made in this direction, it will enormously increase 
the efficiency of the electric light. In addition to this, 
it will enable the intermittent forces of nature, such as 
winds and tides, to be utilised in the production of 
electric currents, and hasten the use of electricity as a 
motive power. 
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MOLECULAR PHYSICS, INCLUDINO CHEMICAL 
PHYSICS AS A SPECIAL BRAWCH 



CHAPTER L 

COMPOUNDS AND ELEMENTS. 

240. Kinds of Matter. — ^We have already seen (29) that 
there are certain distmctive peculiarities which matter, 
as such, always displays, and upon which depends all 
onr knowledge of its existence. These peculiarities we 
term the essential properties of matter, because they are 
its characteristics wherever we find it, and in whatever 
state or condition it exists. There is another class of 
properties, which we term spedjie^ which are of two 
kinds, the first depending upon the state or condition 
of the matter at the time our observations are made^ 
whether it is solid or liquid or gaseous ; and the second, 
upon the particular nature and properties of the mattor 
itself, such as whether it is gold, or potassium, oxygen, 
sulphur, kc So far, in considering the relations of 
matter to force, we have taken little account of the 
second class of these specific properties, although thej 
have a very important bearing upon the relation of the 
various kinds of matter to each other. 

Under the action of purely mechanical force, such as 
^Tsvitation, all matter deports itself in a similar manner, 



INTEEMEDIATE TEXT-BOOK OP PHYSICAL SCIENCE. 267 

because the re-action depends upon the essential pro- 
perties of matter. To a certain extent also the same 
remark applies to the first of the specific properties, 
because the action of gravitation is the same upon matter 
whether in the solid, liquid, or gaseous state. When, 
however, we come to consider the action of other forces, 
such as heafc, or light, or electricity, which are intimately 
related to the nature of matter and the state in which 
the matter exists, and so to all its specific properties, the 
case is entirely different, and we are obliged to consider 
the distinctions which exist between one kind of matter 
and another. These distinctions, as we shall afterwards 
see, are quite independent of the state in which the 
matter may exist, and depend upon essential differences 
in its natura 

241. Distinction of Matter, — The essential differences 
in the nature of matter form a distinct branch of study, 
which is termed chemistry, and which seeks to determine 
how many different kinds of matter exist, and the pro- 
perties which they possess, as well as the compounds 
which they form when combined together. Chemistry 
thus divides all the matter of which the earth is com- 
posed into two primary classes, called compound and 
simple. Compound bodies are those which can be de- 
composed or broken up into two or more different kinds 
of matter, each of which exhibits entirely different pro- 
perties from the matter out of which it was obtained. 
Simple bodies are those which consist of one kind of 
matter only, and resist all efforts which the chemist 
employs to break them up into any other kinds of matter. 
Simple bodies have received the name of elements. If 
the world were formed of one element only there could be 
no science of chemistry, although all the strictly physico- 
mathematical sciences might exist, because the element 
would still be subject to the action of force, and might, 
therefore, assume a great variety of physical and mole- 
cular conditions, as well as act and be reacted upon by 
other masses of matter at a distance. 
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242. Compound Bodies. — The science of chemistnr 
has demonstrated that the great mass of the crust of 
the earth, and the sorroonding water, is formed of 
compound and not simple bodies, and that tliese com- 
pound bodies are characterised bj certain properties, 
which are inherent in them, and always manifested in 
the same substance whererer it may be found. These 
various substances differ very much in the complexity of 
their composition, some being capable of resolution into 
only two, and some into many different kinds of simple 
substances. They also differ widely in the d^ree of 
fixity which they possess, and consequently of resistance 
which they offer to any attempt to decompose them. The 
chemist has to use many different agents to bring about 
the decomposition of compound bodies, and the use of 
these various agents is termed the process of analysis. 
When the analysis is made simply to determine the 
nature and number of the constituents of a compound 
it is termed qualitative analysis, but when the various 
constituent parts are weighed, so as to determine the 
gravimetrical relation of the constituents, it is termed 
quantitative analysis^ Most compound substances become 
analysed into their constituents when subjected to heat, 
and, indeed, it is extremely probable that under a suffi- 
ciently high temperature all known compounds mig^t be 
decomposed. In the intensely heated atmosphere of 
the sun, and some of the fixed stars, there is reason to 
believe that some of the substances, which chemists re- 
gard as elements, are really dissociated, and this may 
explain some of the anomalies exhibited by the lines 
visible in the solar and stellar spectra. Many substances 
which resist the action of very intense heat are readily 
decomposed when acted upon by other bodies, especially 
when in a liquid condition, or a state of solution. Others, 
again, which remain unchanged under the action of heat 
or chemical re-action, are instantly decomposed when 
subjected to the influence of an electric current. We 
iiave already seen this in the decomposing action of an 
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electric current upon an electrolyte (214). Light is 
also a powerful decomposing agent, of which we have 
familiar examples in photography, and in the living 
cells of plants under sunlight. Mechanical causes may 
also act in the same manner, as in the effects of great 
pressure, or impact causing percussion. A familiar case 
of the latter occurs when a percussion cap or detonator 
is fired. 

Most of the operations which are occurring in the 
world around us, and especially in the growth and decay 
of living organisms, arise from the continual breaking up 
of compound bodies. These serve as food for the planto 
and animals, and the vital action determines their re- 
composition into other bodies of more or less com- 
plexity, which are either built up into the structure 
of the organisms, or returned into the outer world to 
undergo another series of changes in the great circle of 
nature. A similar series of changes, occasioned by the 
re-action of different kinds of matter upon each other, 
is also occurring in the inorganic world. All portions of 
the earth's crust, where exposed to the action of air and 
water, and deep down below the surface of the ground, 
wherever water and air, or water charged with various 
substances in solution, can penetrate, are the seat of con- 
tinual chemical changes. These changes are accompanied 
and intensified by alterations in tem})erature and pressure, 
which are continually occurring, and which have resulted 
in the formation of all the minerals and metallic veins 
which constitute the various strata of rock and other 
formations. These re-actions are also one of the probable 
causes of earthquakes and volcanic phenomena. 

Although ail the various compound bodies which 
form the crust of the earth, and the organic structures 
which exist upon it, are formed out of a comparatively 
small number of elements, they each possess properties 
which are so distinctive that they can always be distin- 
guished from each other, and these properties are also, in 
most cases, quite different iroin. those which are charao- 
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teristic of the elements out of which they are formed. 
Thus common salt, which is a white crystalline body, and 
possesses very characteristic properties, which are well 
known, is a compound formed by the union of a soft 
sHvery metal caUed sodium, with a pungent yellow gas 
named chlorine. By no mechanical means at our com- 
mand can we subdivide salt into parts so small that they 
will not exhibit the properties of salt, and the union 
which subsists between two elements of which the salt 
is composed must, therefore, differ entirely in character 
from the mechanical state of aggregation of the minute 
parts of the compound body which build up its larger 
> ^masses. 

243. Elements. — The nature of the parts of which 
matter is composed has afforded food for speculation 
from the earliest times, because, although it was known 
to be built up of parts, it was thought that there might 
be no limit to the number, or in other words, if we 
had the power we might subdivide matter infinitely. 
If matter was, however, infinitely divisible, there would 
still remain the question how far we could divide the 
parts of which any specific matter is composed, and 
yet the subdivided parts retain the special properties 
which characterise that special matter in its larger 
masses. 

We know that different substances possess very 
different properties, quite independent of the physical 
state in which they may be, and we have already seen 
(242) that, even in the case of compound bodies, no 
mechanical division will break them up into parts so 
small that they cease to exhibit the same properties 
which characterised the mass. Thus water and mercniy 
are both liquids, and both may be made to assume the 
solid and gaseous state, but they are entirely different 
in their nature and properties, and this difference must 
arise either from an entirely different matter, or from 
some very different arrangement of the parts of the same 
raatter. Chemistry, however, enables us to effect sub- 
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divisions which are quite impossible with mechanical 
means. 

We have already seen (219) that when an electric 
current is passed through acidulated water a chemical 
change occurs, and the water is broken up into two gases, 
oxygen and hydrogen, so that there is evidently a limit 
to the subdivision of water, because we at length reach 
a point where any further subdivision produces not water, 
but two substances which are perfectly distinct from it. 
Mercury cannot, however, be divided into any other 
kind of matter, either by chemical or mechanical means. 
Further, this division of water into two gases reveals 
also the fact that the water is always composed of 
definite quantities of these gases, in the proportion of one 
part by weight of hydrogen to eight parts of oxygen : 
while the hydrogen, although so much lighter, always at 
the same pressure and temperature, occupies twice the 
volume or space occupied by the oxygen. The same 
volume of oxygen, therefore, always weighs sixteen 
times as heavy as the hydrogen. If we endeavour 
further to subdivide the hydrogen or oxygen by any 
means at our command, either mechanically or chemically, 
we find it impossible to do so, and these substances are 
therefore termed elementSy because in the present state of 
our knowledge we suppose them to be matter in its 
simplest form. Chemists have examined and tested all 
known forms of matter, and about sixty-four substances 
have resisted all further decomposition up to the present 
time. 

The following table gives the names of these ele- 
mentary bodies, arranged alphabetically ; also the symbol 
or abbreviation by which they are distinguished, and 
their relative weight when in the state of a gas, com- 
pared with the same volume of hydrogen which is taken 
as unity. This volume-weight relation to hydrogen is 
called the atomic weight. 
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Table of Elements with their Symbols and Atomic 

Weights. 



Name. 


1 

Al. 


Atomic} 
Weight. 


Name. 


1 

Mo- 


Atomic 
Weight 


Aluminium 


27-6 


Molybdenum ... 


96 


Antimony (Stibium) 


Sb. 


122-0 


Nickel 


Ni. 


69 


Arsenic 


Ar. 


75-0 


Niobium 


Nb. 


94 


Barium 


Ba. 


137-0 


Nitrogen 


N. 


14 


Beryllium 


Be. 


9-3 


Osmium... 


Os. 


199 


Bismuth 


Bi. 


210-0 


Oxygen 


0. 


16 


Boron 


B. 


11-0 


Palladium 


Pd. 


106 


Bromine .. 


Br. 


80-0 


Phosphorus 


P. 


310 


Cadmium... 


Cd. 


112-0 


Platinum 


Pt. 


197-0 


Caesium .. 


Cs. 


1330 


Potassium (Ela- 






Calcium 


Ca. 


400 


lium) 


K. 


39*0 


Carbon 


C. 


12-0 


Ehodium 


Rh. 


104-0 


Cerium 


Ce. 


920 


Hubidium 


Rb. 


86 


Chlorine 


CI. 


35-5 


Huthenium 


Ru. 


104 


Chromium 


Cr. 


52-5 


Selenium 


Se. 


79-5 


Cobalt 


Co. 


69-0 


Silicon 


Si. 


28-0 


Copper (Cuprum) 


Cu. 


63-6 


Silver (Argen- 






Didymium 


D. 


96-0 


tum) 


Ag. 


108-0 


Erbium 


E. 


1120 


Sodium (Natron) 


Na. 


23-0 


Fluorine 


F. 


190 


Strontium ' ... 


Sr. 


87-6 


Gallium 


Ga. 


69*8 


Sulphur 


S. 


32-0 


Gold (Aurum) ... 


Au. 


197-0 


Tantalum 


Ta. 


182-0 


Hydrogen 


H. 


1-0 


Tellurium 


Te. 


129-0 


Indium 


In. 


113-4 


ThaUium 


Tl. 


204-0 


Iodine 


I. 


127-0 


Thorium 


Th. 


115-7 


Iridium ... 


Ir. 


197-0 


Tin (Stannum) ... 


Sn. 


118-0 


Iron (Ferrum) ... 


Fe. 


660 


Titanium 


Ti. 


60-0 


Lanthanum 


La. 


920 


Tungsten (Wol- 






Lead (Plumbum) . . . 


Pb. 


2070 


framium) 


W. 


184-0 


Lithium 


Li. 


7-0 


Uranium 


U. 


1200 


Magnesium 


Mg. 


24-0 


Vanadium 


V. 


610 


Manganese 


]^In. 


66-0 


Yttrium 


Y. 


62-0 


Mercury (Hydrar- 






Zinc 


Zn. 


65-0 


gyrum) 


Hg. 


200-0 


Zirconium 


Zr. 


89-0 



The elements which are most abundant and impor- 
tant in the economy of nature are marked by larger 
type. 
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These elements and their compounds are by no means 
equally distributed in the composition of the universe: 
Some of them, like thallium, are of exceedingly rare 
occurrence, while others, like oxygen and silicon, form 
about one-third of the solid crust of the earth, and 
oxygen and hydrogen the whole of the water. Few of 
the elements except oxygen and nitrogen in the air, and 
a few metallic bodies in the earth, exist in the pure 
state — at least so far as we know — ^because our know- 
ledge of the earth's crust at any depth is very uncertain. 
We cannot, indeed, assert that there may not be many 
substances, both compound and simple, which we do not 
know as yet, and the belief strengthens that, as our 
knowledge increases, we may yet add considerably to 
their number. 

It is possible that many of these bodies may really 
be compounds, but they are placed in this table be- 
cause we have no means at present by which we can 
further subdivide them so that they will exhibit 
different properties from those which we know to charac- 
terise them. We suppose, therefore, that any quantity 
of any one of these substances, when in the pure state, 
always consists of aggregations of the same kind of 
matter, and that however small the quantity taken may 
be, it will always exhibit the same properties and no 
others. The science of Chemistry investigates the pro- 
perties which each of these elementary bodies exhibits 
with regard to the others, the combinations which they 
are capable of entering into, and the re-actions which 
occur between them. Amongst the many facts connected 
with these combinations and re-actions, one stands out 
very prominently, viz , we cannot by any means at our 
command destroy the specific properties of any of these 
elementary bodies ; we may mask them for a time by 
permitting them to enter into combination with each 
other, in which case new properties are exhibited ; but 
when we decompose the compounds, the old properties 
of the elemeats always re-appear again without axi^ 
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diminatioii or additi<Hi. Also we cannoty bj any process, 
diminish or destroy the wei^t of matter wfaic^ we use 
in oar experiments, or prodnoe bj any combination a 
greater weight of- matter in the compound than was 
present in the sum of the elements out of which we form 
ik The parts, therefore^ of whidi the elementary bodies 
are composed are indestructibleL We can diTide any of 
these elementary substances into parts which are incon- 
ceivably smalL A single grain of the nitrate of lead 
can be dissolved in 500,000 grains of water, and when a 
stream of sulf^uretted hydrogen gas is passed through 
the solution the lead will appear as a solid, united with 
sulphur, in such a fine state of division tliat it will tinge 
every portion of the solution. One single dn^ of this 
solution, when spread over a square inch, can be seen by 
the microscope to contain portions of the sulphuret of 
lead in every part ; and as the part so made visible is 
not greater than the y.Tnrv.innF^ ^^ ^® square inch, it 
represents the 500.000^000 . 000^ ?^ ^^ ^® orighial 
water in which the one grain of nitrate of lead was 
dissolved. The amount of lead in the nitrate of lead 
was only ^nr^ ^^ ^ g^^&ii^y ^^'^ therefore the portion of 
lead rendered visible under the microscope cannot exceed 
ft*t^.49S.ooo.ooo . ooo ^ of a cubic inch, or weigh more 
*1>^ 5TTr.inro !ooo,ooo^ P^ a grain. Notwithstanding the 
smallness of the division, the lead still retains the 
peculiar properties by which it is distinguished. The 
elements, like the compound bodies, are therefore cajmble 
of very great subdivision; and since we do not, in the 
present state of our knowledge, think that they are 
formed of anything but the same kind of matter, the 
question naturally arises — can these elementary bodies 
be infinitely subdivided, even although the smallest part 
would always only contain the same kind of matter 1 
Before this question can be answered it is necessary for 
us to know something of the nature of the relations 
which subsist between the elements themselves, and also 
the conditions under which they enter into oombination 
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with each other. "We shall then see that the consideration 
of the phenomena thus exhibited throws some light upon 
the subject, and enables us to arrive at a conclusion which 
is not founded upon mere guesswork. 

244. Properties of the Elements. — ^The elements differ 
from each other very widely in the nature of the proper* 
ties which they display, quite independent of the physical 
conditions in which they may be. Those which possess 
a high lustre, great opacity, and are good conductors of 
heat and electricity, are termed metals^ while those which 
are destitute of the.se properties are termed non-metals. 
There is, however, no absolute distinction between them, 
since the two shade into each other so gradually that in 
the case of more than one of the elements it is dif&-> 
cult to determine to which of the two classes it belongs. 
Some bodies — such as gold, silver, iron, copper, etc. — 
possess the metallic properties in the highest degree, while 
others — such as arsenic and tellurium — are destitute of 
some of these properties, and are now usually considered 
amongst the non-metallic bodies. The metals are by far the 
most numerous, and comprise all the sixty-four elements, 
except fifteen, which may therefore be considered as the 
non-metals — viz., arsenic, boron, bromine, carbon, chlorine, 
fluorine, hydrogen, iodine, nitrogen, oxygen, phosphorus, 
selenium, silicon, sulphur, tellurium. 



CHAPTER IL 

LAWS OP COMBINING PROPORTION. 

245. Cliemical Comhination. — ^Two different substances 
may be intimately mixed together so that their different 
parts cannot he afterwards separated, and yet remain 
Only in a state of mechanical mixture. Thus^ two ^Jse.%^ 
B 2 
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oxygen and hydrogen, may be mixed in a strong glass 
vessel, and the two will occupy exactly the same space 
as the sum of the volumes of the two gases before the 
mixture was made, and they will remain in this state 
for any length of time. If, however, an electric spark is 
passed through the mixture an explosion occurs, accom- 
panied by the disengagement of great heat, and a 
volume of steam is formed, which can be condensed 
into water. The two gases, which were formerly in a 
state of mechanical mixture, being each inter^ffused 
with the other, have now entered into chemical union, or 
chemical combination, and a body differing entirely in its 
properties from either of the original gases has now been 
formed. The formation of a compound from its elements 
is called synthesis. A mechanical mixture and a chemical 
combination are therefore entirely different. In a 
mechanical mixture the proportions of the various com- 
ponent parts may be altered to any extent, and the 
resulting mixture will always exhibit properties which 
are the average of the properties of flie various com- 
ponent parts, in proportion to their various quantities. 
In a chemical compound this is not the case, for 
the various substances of which it is composed will 
only enter into combination with each other in certain 
fixed and definite proportions which are constant in 
the same substance, and the properties of the compound 
are usually totally different from those of the elementa 
out of which it is made, as well as from those of the 
mixture of the elements before they entered into com- 
bination. As a rule, also, while mechanical mixtures 
retain the same temperature as the average, and the 
sum of the volumes of the component parts, chemical 
combinations are accompanied by great changes both 
in temperature and voluma Many solids when enter- 
ing into chemical combination become gases, and liquids 
b^me solids, while gases become liquids or solids, and 
the change is also accompanied by luminous and electrical 
phenomena. 
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246. Constancy of Composition of Compon/nds, — 
Whatever be the nature of the physical changes which 
accompany chemical combination, a given compound has 
always the same composition wherever it may be found, 
or under whatever conditions it may have been formed. 
Thus water may be obtained from condensed steam or 
melted ice — ^it may be taken from the well of an oasis in 
the desert, a spring on the mountain side, or the collected 
dew-drops from the blades of grass ; but however formed 
or wherever obtained, it always consists of oxygen and 
hydrogen, and of 16 parts by weight of the former to 2 
of the latter. Again, common salt, whether it is obtained 
from the mines of Siberia or the brine-wells of Cheshire, 
has always in it 35*5 parts by weight of chlorine to every 
23 parts of the metal sodium. In the same way this 
law holds universally good with all other definite 
chemical compounds, they are invariably constant in 
composition. This law has no exceptions, and hence 
one absolutely accurate analysis of any substance for 
ever settles the nature of its ingredients. 

247. Law of Constant Proportion, — One element 
may therefore unite with another element to form a 
compound ; and in the same way, a compound may unite 
with another compound to form a still more complex 
compound than before. Even in this case, however, the 
compounds always unite together in certain definite 
proportions the same as the elements. This law of con- 
stant proportion, therefore, may be thus defined — 
Numbers can he found for all bodies, whether tliey are 
simple or compound, which express tJie relative proportion 
by weight in which they will combine. So far as the 
elements are concerned these combining weights are the 
so-called atomic weights already given in the table of 
elements (243). 

Thus 35*6 parts by weight of chlorine will combine 
with one part by weight of hydrogen to form 36*5 
(35*5 + 1 = 36*5) parts by weight of hydrochloric acid gas, 
and the numbers 35*5 and 1, or, as we shall afterwards 
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249. Law of MtdtipU Proportion. — ^We have already 
stated (247) that elements may enter into combination 
witii each other in more proportions than one, and we 
bare thus another law unfolded which is termed the law 
of multiple proportion, and may be defined as follows : 
If two dementSj or compounds^ are capable of njuiing in 
several proportions^ the higher proportions of one of them 
are altcays multiples of its first or lowest proportion 
The compounds of nitrogen with oxygen form a striking 
example of the truth of this law, because oxygen can 
enter into combination with a molecule of nitrogen in 
Ave different proportioiis; and if we call tbe lowest com- 
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billing weight of oxygen, which is 16, unity, we have 
in the remaining compounds multiples by 2, 3, 4 and 5 
of the weight of oxygen. This will be clearly seen from 
the following table — 

Farts by Weight, Parts by Weight, 

Nitrogen monoxide (14 x 2) = 28 nitrogen to (16 x I) = 16 oxygen. 
Nitrogen dioxide (14 x 2) = 28 „ (16 x 2) = 32 

Nitrogen trioxide (14 x 2) = 28 „ (16 x 3) = 48 

Nitrogen tetroxide (14 x 2) = 28 „ (16 x 4) = 64 

Nitrogen pentoxide (14 x 2) = 28 „ (16 x 6) = 80 
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The power to enter into combination in varying 
proportion with other elements is not equally shared by 
all the elements. This points to a difference in the 
nature of the elements which is of great importance, and 
which has been termed atomicity, of which more hereafter 
(255). 

250. Densities of Elementary and Compound Gases, — 
Hydrogen is the lightest of all the elementary gases, and 
a litre of it, which is about 61*027 cubic inches, weighs 
about 1*379 grains, or *08936 grammes in French 
measure, under standard conditions of temperature and 
pressure. Under the same conditions one litre of nitro- 
gen gas weighs exactly 14 times this weight, while an 
equal volume of chlorine gas weighs 35*5 time& These 
numbers, however, 14 and 35*5 are the atomic weights 
of nitrogen and chlorine, and as the weight of the same 
volume of all the elements is always the weight of the 
litre of hydrogen multiplied by the atomic weight, it 
follows that, taking hydrogen as the standard for the 
specific gravity of the gases, this specific gravity, or 
density of tJie elements in the gaseous state is identical 
with t/ieir atomic weights. Phosphorus, arsenic, mercury, 
and cadmium are exceptions to this law for which the 
reader must be referred to works on chemistry. The 
densities of the elementary gases being identical with 
their atomic weights, it is apparent that when 35*5 parts 
by weight of chlorine combine with 1 part by weight 
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of hydrogen, we have equal volimies of chlorine and 
hydrogen combming together, and it is important to see, 
now, what is the density of the compound gas formed 
by them. It is found by experiment that 1 volume of 
chlorine and 1 volume of hydrogen when iinited to- 
gether form two volumes of hydrochloric acid, and the 
volume of hydrochloric acid gas is therefore twice the 
volume of either of its component parts. In the case of 
ammonia which is formed of one volume of nitrogen to 
3 volumes of hydrogen (1 -f 3 = 4), it is found by experi- 
ment that after the combination has taken place, the 
resulting volume of ammonia gas occupies, not 4 volumes, 
but only 2. In the same way 2 volumes of hydrogen 
when united with 1 volume of oxygen (1 + 2 = 3), to form 
water vapour or steam, the volume occupied is 2 
volumes, the same as the hydrochloric acid gas or the 
ammonia. It thus appears that when elementary gases 
enter into combination whether the combining volumes 
measure 2, 3, or 4, the compound gas which is formed 
only measures 2 volumes. We have already seen (248) 
that the molecular weight of any compound is always the 
sum of its component atomic weights, and hence, when 
in the gaseous state, it seems that the molecular weight 
of any compound gas always occupies the volume which 
would be occupied by 2 volumes of hydrogen, and hence 
it follows that the density of any compound gas, when 
referred to hydrogen as unity ^ is equal to half its luolecular 
weight Thus the molecular weight of hydrochloric acid 
gas is 35*5 + 1 = 36-5, and its density is 18*25, or half 
this weight. The molecular weight of ammonia is 17, 
and its density 8*5. The molecular weight of steam is 
18, and its density 9. 

We have already seen (246) that an accurate 
analysis settles once and for ever the nature of the 
ingredients of any substance, but we now see further 
that it also settles at the same time the relative pro- 
portions, both by weight and volume, in which all the 
in^edients are always united. The service which 
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this knowledge renders to technology cannot be over- 
estimated, because in the preparation of the vast number 
of artificial bodies which are used in the arts, and in the 
chemical reactions which are daily used in all our large 
laboratories and dye-houses, it enables us to know 
exactly the relative quantities of different bodies which 
are required, so as to prevent on the one hand insuffi- 
ciency, and on the other hand waste. 

251. Conditions of Glvemical Combination, — We have 
already seen (245) that chemical combination differs 
essentially from mechanical mixture, and, in the same 
way, no chemical combination can take place except 
under certain conditions, which differ widely from those 
which are necessary for mechanical action, or for the 
operation of such forces as gi^avitation or simple mag- 
netic attraction. Both these forces operate upon masses 
of matter when at a sensible distance from each other, 
but chemical attraction never operates except when the 
matter is in such close proximity that, in most cases, at 
any rate, one of the bodies requires to be either in the 
liquid or gaseous condition, so that the parts of the matter 
come into molecular contact. In this respect chemical 
union is most like cohesion or adhesion, but it differs 
from these in that while they occur most powerfully be- 
tween matter of the same kind, chemical union is always 
the most powerful and energetic when the substances 
entering into combination exhibit the greatest differences 
in their kind. In addition, cohesion and adhesion are 
always rendered less energetic by any rise in temperature, 
while a moderate elevation of temperature is usually 
favourable to chemical combination, and very frequently 
a result of it. In some cases of chemical action the 
temperature is lowered, but usually it is raised ; and 
in every case, whether raised or lowered, it is always, 
for the same combination, a definite thermal change, 
and the number of heat units disengaged or absorbed 
is as constant as the combining weights of the bodies 
themselves^^^In addition to this, chemical combination 
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is, to use a figurative expression, elective — that is to say, 
that when a number of dijQTerent substances are placed 
in conditions favourable for chemical union, any given 
element appears as if it had the power to choose which 
of the other bodies it would combine with, remembering 
however, that under the same circumstances it always 
chooses the same partner; and this power is so stro^ 
that one element will destroy the chemical union be- 
tween others, in order that it may enter into combination 
with one or more of the constituents of the compound. 
This elective power is termed cJiemical affinity. It is 
upon this principle that nearly all our chemical re- 
actions are based. We destroy weak combinations in 
order that we may form stronger, and the new com- 
pound is presented to us in some form in which we 
can separate it from the rest ; or eke we present to 
the substance operated upon a body with which one 
of its elements has a greater affinity, and the least 
strongly combined is rejected from the compound, and 
can then be obtained in its pure state. Thus, if we 
act upon water by metallic sodium, the affinity of the 
sodium for oxygen is so great that it destroys the union 
of the oxygen and hydrogen in the water, uniting with 
the oxygen to form sodic oxide, which is soluble, while 
the hydrogen escapes as a gas in the pure state. 

252. Chemical Affinity. — From what we have already 
said, it will be seen that chemical attraction or affinity is 
the effect of a force or action the nature of which differs 
entirely from any of the forces which we have hitherto 
considered. Of its real nature we are quite ignorant: 
and in the present state of our knowledge in regard to 
chemical science, we can only conjecture what may 
possibly be its nature and cause ; at the same time, it is 
quite necessaiy that we should have some definite idea or 
hypothesis in regard to it, because it will materially 
assist in the conception of the nature of matter, and of 
the changes which it probably undergoes when operated 
'Mi)on by force. We have seen that this force evidently 
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resides in the very nature of the matter itself, and cannot 
operate except at such short distances that the matter 
must be in the liquid or gaseous condition so as to bring 
the actual parts into contact. This indicates that before 
the affinity can be brought into play the parts of the 
combining bodies must be free to move, and it is therefore 
highly probable that this special property is in some way 
connected with the motion of the parts of which all matter 
is composed. These parts of each separate element may 
have a separate motion which is as distinctive as its 
specific properties, and indeed possibly the cause of them ; 
afd the^e'cent researches in^ctr^p. analysis give a 
high degree of probability to this supposition. The 
elective affinity may arise from some correspondence in 
the nature of the motions of two elements, while a com- 
pounding of the motions when two elements enter into 
combination would impress new properties on the resulting 
body. Our ideas of stability are not usually associated 
with motion, but we know that motion, as in the case of 
a gyroscope, confers a degree of stability upon the moving 
parts of the machine which cannot be otherwise attained, 
and the knowledge which we possess in regard to the pro- 
bable nature of gases and the theory of heat, shows us that 
all matter is in incessant motion. This motion of the parts 
of matter is intimately associated with the most probable 
nature of its constitution, which is embodied in the 
atomic theory, 

253. Molecular Grouping, — The constancy of chemical 
composition in the same substances, and the definite 
order of arrangement which is evident within the mole- 
cules of all bodies, as revealed by the constancy of quan- 
titative proportion, suggest that there must be a regular 
arrangement in the parts of which all bodies are built up. 
In the gaseous and liquid state of matter, however, the 
cohesion of the parts and the regular play of the forces 
which seem to reside in the molecules of matter are broken 
by the action of the heat, which has separated the mole- 
cules from each other and thus broken up their arrange- m 
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ment. In the solid state, however, we have this regularity 
clearly manifested, in the tendency which almost all solid 
bodies have when slowly formed out of their solutions to 
assume the forms of crystals. These crystals have always 
a definite arrangement of parts, which, however, differs in 
different directions; and hence, as we have seen (182, 
201), crystals differ in their elasticity and power of trans- 
mitting light and heat in different directions. 

The same substance may crystallize in a great variety 
of shapes, but these, when carefully examined, are always 
found to be slight modifications of a primitive or funda- 
mental form, which is termed a crystallographic system. 
All solids may, when crystallized, be included under one 
of six different systems or their derivatives. These six 
systems may be termed : — 

(1.) The Regular System, "^ith three axes, all equal 

and at right angles 

to one another. 

(Fig. 78.) 
(2.) The Hexagonal Sys- 

tem^ with four axes, 

three equal and in 

one plane, making 

^ ^ Sy^em^"^" angles of 60^, and Pig. 79. -Hexagonal 

one longer or ®^^*«™- 

shorter, at right angles to the plane of the 
other three. (Fig. 79.) 
(3.) The Quadratic System, with 
three axes, all at right angles, 
one shorter or longer than the 
other two. (Fig. 80.) 
(4.) The Rhombic System, with 
three axes, all unequal and 
all at right angles. (Fig. 81.) 
(5.) The Monoclinic System,, with 
three axes, all unequal, two of 
which cut each other obliquely 
and one at right angles to the plane of the 
other two. (¥\^. ^'2.^ 










Fig. 80 — Qua- 
diutic Sj&tem. 



Pig. 81.- 
Bhombio 
System. 
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(6.) Tlie TricUnic System, with three axes, all un- 
equal, and all oblique. 
(Fig. 83.) 
The figures given are 
only one out of many 
forms presented by each 
system, but will serve to 
show the general type. 
Pig. 82— Mono- Bodies which exhibit simi- 
cHmc System, j^^ chemical properties, and crystallize in 
the same forms, are called isomorphous. When the 
same body crystallizes in two different systems it is 
termed dimorphous. 





Pig. 83.— Tridinic 
System. 



CHAPTER III. 



THE ATOMIC THEORY. 

254. The Atomic Theory, — ^The laws of combining propor- 
tion are not hypothetical ; they are the result of experi- 
ment, and indicate a real cause which springs from the 
nature of the elementary matter, whatever our ideas in 
regard to it may be. These laws reveal the fact that 
matter always enters into combination with other matter 
in certain fixed and definite proportions, which correspond 
to the specific gravities of the various elements when in 
a gaseous state^ or in some simple midtiple of these 
weights. In order to account for these phenomena, 
which were first clearly enumerated by John Dalton, he 
supposed that matter is not infinitely divisible, but that, 
just as in a compound body, we reach a ix)int where we 
cannot further subdivide it, without destroying its specific 
properties; so, in the elements themselves, there is a 
IK>int where no further division is possible, and we reach 
a minute portion of matter which has a definite size and 



I 



286 INTERMEDIATE TEXT-BOOK OP 

weight for each element, and which is the smallest part in 
which it can exist. These ultimate parts of the elements he 
termed atoms. The atoms, he supposed, have no parts, 
and therefore cannot be divided, and their weights bear 
the same relative proportions to each other that weight 
of equal volumes of the elements when in the gaseous 
state do to each other ; — hence the term atomic weights^ 
when applied to the combining proportions of the elements. 
For the same element, the size and weight of the ultimate 
atoms are absolutely the same, but both the size and 
weight differ in different elements. The hypothesis of 
atoms was not new as a speculation, because it was 
advanced as early as the days of the ancient Greek 
philosophers, but their supposition rested upon no experi- 
mental basis, while Dalton's views were deductions from 
actual observation. We have already seen (250) that 
when any two or more elementary gases enter into 
combination they always occupy the same space as that 
which would be occupied by twice the combining weight 
of hydrogen ; and hence it is supposed that the atoms 
of hydrogen, even when in the pure state, are not 
free but combined two and two together, and form a 
compound body composed of two atoms of hydrogen. 
Any body which contains more than one atom, whether 
elementary or compound, is called a molecule, and hence 
the relative weight of this double volume of hydrogen is 
termed the molecular weight, to distinguish it from the 
single volume, which represents the atomic weight. In 
the same substance the molecule is always the same both 
in size and weight, but differs widely in different sub- 
stances, both in the size, weight, and arrangement of 
its constituent atoms. When two bodies have the same 
chemical composition but differ in their properties, it is 
supposed the same atoms are differently arranged within 
the molecule. Such bodies are termed isomeric 

An atom, therefore, we consider to be the smallest 
portion of any element which can enter into chemical 
<X>iubiiiation9 and a molecule the smallest portion of any 
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substance, either elementary or compound, which can occur 
in the free state, or take part in any chemical re-action. 

It is supposed that the smallest part of any substance, 
therefore, whether elementary or compound, is always 
present in the form of a molecule f^and since all mole- 
cules of all substances, whether elementary or compound, 
when in the gaseous state, at the same temperature 
and pressure, always occupy the same space, it is in- 
ferred that their numbers always bear the same con- 
stant relation to each other, so that the same number 
of m^olecules is always present in the same volv/me of gas 
at tlie sam>e temperature and pressure. This law is 
known as the law of Avogadro or Ampere, from the two 
distinguished physicists who first and independently 
enunciated it. From this law the two laws of Mariotte 
(133) and Charles (134), which we have already noticed, 
follow as a natural consequence, because if the same 
volume of all gases, at the same temperature and pressure, 
contain the same number of molecules, they will obey the 
same law of expansion by heat and of alteration in volume 
under pressure. In the same way, the relative weights 
of these molecules must be the same as the relative 
weights of equal gas volumes, because if in equal volumes 
there are equal numbers of molecules, each molecule of 
oxygen must weigh sixteen times as heavy as the hydro- 
gen molecule, because the same volumes bear the same 
relative proportion by weight. It also follows that this 
relative weight and number of molecules gives a perfectly 
consistent explanation of all the observed laws of com- 
bining proportion, because when two elementary bodies 
enter into combination, they can only do so in the same 
numbers and proportions to form the same substances ; 
and hence the law of constant proportion (247), because 
the atoms cannot be divided, and all possess the same 
weight for the same element. The atomic theory, 
therefore, accounts for the changes which take place 
in chemical re-actions between different bodies, by sup- 
posing a change of position to be assumed by the* 
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atoms which form the molecules of the bodies entering 
into combination. When an element is set free from a 
compound, the liberated atoms join together to form 
molecules, unless some other body is present with which 
they can combine. This accounts for the fact that the 
elementary bodies always act most energetically just at 
the time they are set free from any combination, because 
the liberated atoms have not yet formed into molecules, 
and their affinities are therefore unsatisfied. 

255. Atomicity. — ^We have already seen (249) that 
there is a difference in the power which the various 
elementary bodies possess to enter into combination in 
more than one proportion. There is also a difference 
in the power which they possess to replace each other 
in any molecular combination. The atoms of the 
various elements^ therefore, the combining weights of 
which are expressed by the relative densities of the 
elements when in the gaseous state, exhibit very dif- 
ferent values in chemical re-action. Thus an atom of 
zinc is equivalent to two atoms of hydrogen, because 
when zinc is brought into contact with steam at a 
high temperature, one atom of zinc expels from the 
steam two atoms of hydrogen, and occupies their place. 
When zincic oxide is brought into contact with hydro- 
chloric acid the zinc is replaced by hydrogen, but two 
atoms are necessary to take its places In the same way 
in combination, one atom of boron can replace three of 
hydrogen, one atom of carbon four of hydrogen, one 
atom of nitrogen five of hydrogen, and one atom of 
sulphur no less than six of hydrogen. This peculiar 
power of replacement in such different proportions is 
supposed to arise from the elementary atom possessing 
a certain form or a number of points of attachment 
by means of which it can enter into combination with 
others, and thus an atom of oxygen, which can be 
replaced by two atoms of hydrogen, is supposed to 
possess irwo of these bonds, while hydrogen only pos- 
sesses ona Just) therefore, as we can give to each 
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element a number expressive of the smallest weight 
with which it can enter into combination, we can also 
give to each a number expressive of its greatest atom- 
fixing power, or qiiarUivalence, as it has been termed. 
The various elements are named monads, diads, triadsy 
<&c., as they possess one, two, three, &c., times the 
quantivalent power of a monad element. Hydrogen 
possesses the least quantivalent power, because it can 
never replace more than one atom of any element, while 
sulphur possesses the greatest, being able to displace in 
combination as many as six atoms of a monad, three of 
a diad, or two of a triad element. The elements which 
possess the same power of combining with the same 
number of hydrogen units, or its equivalent, can always 
replace each other in equal proportions. No element, 
either alone or in combination, can exist, except for 
a momentary period of time, with any of its bonds dis- 
connected, and hence the elements themselves, when 
pure, have always the atoms united by their bonds as 
molecules, and the molecules of all elements with an 
odd number of bonds are generally di-atomic, or pos- 
sessing two atoms in the molecule — as in the case of 
hydrogen — and always poly-atomic, or having more than 
one atom in them. Nothing whatever is known respect- 
ing the cause upon which this variation in quantivalence 
depends, any more than upon what the atomic weight 
depends, and we must always be careful to distinguish 
between what is theorv and what is fact. Both atomi- 
city and fixed proportion in atomic combination are, 
however, facts, whatever may be their explanation, and 
it is quite possible, indeed almost probable, that it 
depends in some way or other upon the atomic motions. 
We have seen from the phenomena of diffusion and 
expansion under increase of temperature in gases, that 
the component molecules of any gas are in a state of 
constant motion, and in the same way the atoms in the 
systems, which we called molecules, are most probably in 
continual motion, although the nature of this intermole- 

T 



290 INTERMEDIATE TEXT-BOOK OF 

cular motion is unknown. It cannot, however, be a 
motion of rotation, because the atoms evidently retain 
always the same relative arrangement or return to a 
mean position of equilibrium. The most probable supposi- 
tion is that the motion of the atoms within the molecule 
takes place in straight lines, the atoms striking each 
other and then rebounding. What we call valency, or 
atomicity, may therefore be nothing but the number of 
contacts experienced by one atom on the part of other 
atoms in the same unit of time. In the same time that 
the monad atoms of a diatomic molecule like hydrogen 
come in contact once, the diad atoms of a diatomic 
molecule come in contact with each other twice, the 
temperature in both cases being the same. This dif- 
ference in the atom-fixing power of the elements also 
brings into view the singular fact that the different 
atoms contained in a compound molecule are not kept 
together by the mutual attraction of the whole of the 
atoms upon each other, but that the atoms are arranged 
with regard to each other in a definite symmetrical order, 
the attraction acting only from atom to atom, and thus 
it is impossible to remove any atom without replacing 
it with one of equal valency, without destroying the 
equilibrium of the molecule. 

256. Size of Molecules, — It may seem strange that 
the knowledge of the motion of the molecules in gases 
has enabled us to obtain a certain approximate knowledge 
of the size of the molecules of which they are composed. 
If we take a given weight of ice we can, by the applica- 
tion of heat, change it into water, which will occupy 
rather less space than the ice, and by a further addition 
of heat, convert the water into gas or steam, when it 
will, at the same temperature as the boiling water, viz., 
212° Fahr., and under a pressure equal to thirty inches 
of mercury, occupy about 1,728 times the volume of the 
water ; so that one cubic inch of water will yield about 
one cubic foot of steam. It is quite clear that in each of 
these states^ — ^ice, water, and steam — ^we have an equal 
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number of molecules. When in the state of a gas the 
molecules are at a considerable distance from each other 
and are flying about in all directions, the pressure on the 
containing vessel being the result of their impact, and 
the equality of pressure throughout all parts of the 
vessel, the result of the successive encounters or collisions 
of the molecules with each other. It is evident that the 
space in which the molecules can execute their evolutions 
is not the same as the total space occupied by the gas, 
since it must differ from that space by the total extent 
of the molecular volumes. The total size of all the 
molecules contained within the space, and the total space 
which intervenes between the molecules must, therefore, 
together make up the total gas volume. Now, if we can 
find in any gas how far one of the molecules moves before 
it comes into collision with any other — a distance which 
is called the free path of the molecule — we can calculate 
what space is occupied by the total mass of the molecules, 
and what by the intervening space between them, and 
we only then require to determine the number of 
molecides in a given volume to determine their size. 
Without entering into the means by which these various 
data have been ascertained, we may state, that at the 
tempei-ature of freezing water, and the pressure of thirty 
inches of mercury, the mean free path of a molecule of 
hydrogen gas is about the one-fifth part of the wave 
length of a ray of green light, which is about 4y,ixnyth of 
an inch, so that the free path of the hydrogen molecule 
is ij-stItfo*'^ ^^ ^^ inch. The hydrogen molecule has the 
longest free path of any known gas, and probably, 
therefore, is also the smallest in size, as it is also in 
weight. When any substance is in the state of a liquid 
it is found that it can be compressed veiy little, and 
hence the molecules when in the liquid condition are 
supposed to be as close together as they are at the in- 
stant of collision when in the gaseous state. The difference 
between the space occupied by any body, therefore, when 
ini the liquid and gaseous condition, gives us an approxi 
T 2 
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mate idea of the relative volumes occupied by the total 
number of molecules, and the space between them when 
in the state of gas. These relative volumes and the free 
path being known, it is only a matter of calculation to 
determine approximately the number of molecules which 
must be present in any gaseous volume, and the size which 
they probably possess. The results thus obtained from 
dynamical considerations have been checked by various 
other methods, such as the stretching of a film of soap and 
water, and the mechanical work accomplished by contact 
electricity produced by plates of zinc and copper ; and it 
appears that, as a rough estimate, made by Sir W. Thom- 
son, the size of the molecules of matter is not larger 
than the -oir.TnrTr.TnrTr^^ ^ ^^ ^^^ ^^ smaller than tibe 
F. o 00 . . 00^ ^ of an inch, so that if we could magnify a 
single drop of water ^th of an inch in diameter until it 
looked as le^ge as the earth, and if each molecule were 
magnified to the same extent, the molecules would not 
look smaller than small shot or larger than a cricket- 
ball. About one hundred thousand million billion of 
molecules are contained in a cubic inch of hydrogen gas, 
when the thermometer is at the freezing-point and the 
barometer at 30 inches. Two hundred million billion of 
these hydrogen molecules only weigh one milligramme, 
which is equal to 0*0154 of an English grain. These 
quantities are absolutely inconceivable to the mind, and 
are only very rough approximations, but they serve to show 
that our notions of the elementary atoms and molecules 
are of a definite character, and perhaps as distinct as the 
immense distances revealed by the science of astaxmomy. 
It has also been found that in refracting bodies which 
bend a ray of light, although there might be refraction, 
there could not be dispersion unless the size of the mole- 
cules and the distance between the molecules of the body 
bear a sensible relation to the wave lengths of the light 
itself, and that the dispersion of white light into colours 
through a prism could not be what it is if the distances 
of the molecoleB wBre much greater than the n^.^inr^^ 
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part of a wave of light, the average length of which 
may be taken as about to.^tjit*^ ^^ ^^ inch, so that the 
molecules are probably not farther apart than about 
ToTT.TJW.oTJir*^ of an inch, and this distance, therefore, 
limits the size of the molecule. 

257. Mature of Atoms, — ^The nature of the ultimate 
atoms has always been a subject for speculation, and 
remains so still, because we have absolutely no experi- 
mental data upon which to work. Newton supposed 
them to be massy, hard, impenetrable, indivisible, and 
indestructible, and of various sizes and figures corre- 
i^nding to the different elements. Other philosophers 
have endowed them with the same qualities, and pointed 
out that there is not a regulai* gradation in the mass of 
these atoms from that of hydrogen, which is the least up 
to that of bismuth, which is 210 times as heavy, but 
that they fall into a limited number of classes between 
which there are no intermediate forms, and every 
individual of each class is of exactly the same magnitude, 
and, like pendula of the same length, vibrate in exactly 
the same time when in a state of motion. Clerk 
Maxwell says " They agree in the natui*e of the light 
which they emit — that is, in their natural periods of 
vibration, and they are, therefore, like tuning forks, all 
timed to concert pitch, or watches regulated to solar 
time." The difficulty of conceiving that matter in any 
form could be so absolutely unalterable throughout all 
time, and that the material nature of the atoms is a 
philosophical truth rather than a hypothesis, led Bosco- 
vich to suggest the idea that atoms are not solid particles 
but only mathematical centres, from which proceed forces 
which at small distances are attractive, at certain other 
distances repulsive, and at greater distances attractive 
again. This theory, although it satisfies many mathe- 
matical requirements, presents so many difficulties in 
regard to the nature of the properties experimentally 
exhibited by matter that it is not now accepted, and those 
who reject the idea of hard and indestructible solid 
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atoms adopt the theory which is now known as that of 
vortex atoms, which we may term the dynamical theory 
of matter. A vortex ring is simply an eddy such as that 
seen upon the surface of a fluid when a solid is drawn 
through it ; but in this case the fluid has a free surface, 
so that the vortex ring is seen in section at the two free 
ends. If, however, the ring is formed in a fluid, such as 
air, which has no free surface, the riug is continuous and 
without free ends, so that it forms a self-contained 
equilibrated system. 

258. The dynamical tlieory of mxitter supposes that the 
ultimate atoms are nothing more than a vortex motion 
formed in the all-pervading ether of space, and that the 
nature of these motions determines the specific character 
of the atoms. It has been found that if a vortex ring is 
formed in air, which has been rendered visible by smoke, it 
will move freely through the surrounding air, so that the 
entire mass of smoky air which forms the ring revolves 
continually round a circular axis, which forms the nucleus 
of the ring. In this ring all the particles which are 
situated upon one of the curves, which can be drawn in 
each section of the ring, are absolutely tied down to 
their circular paths, and can never quit them so long as 
the ring exists, so that the ring is always formed of the 
same molecules, and moves through the suiTOunding air 
as if quite distinct from it. This ring cannot be broken, 
and hence is indestructible; and if it is brought into 
contact either with another ring or any other body, 
the ring's path is changed and the ring simply is thrown 
into vibration, but retains its form and independent mo- 
tion, its parts oscillating about their centre of equilibrium. 
Helmholtz, who mathematically analysed the conditions 
of vortex motion in a frictiorJess fluid, proved that in 
such a medium vortex rings, bounded by a system of 
vortex lines, are always formed of an invariable quantity 
of the same molecules, so that the rings can move and 
change their parts without any destruction — ^that is to 
sav, without their ring-form ever being broken. In such 



PHYSICAL SCIENCE. 295 

a medium, also, he proved that, when once formed, they 
would always retain their individual character unchanged, 
so that they would continue to revolve and remain 
separate and indivisible for ever. Such rings may have 
any number of twists, and even gass through each other 
like links in a chain ; but once formed, they will retain 
their peculiarities of motion and Unkings for ever. 
According to tliis view, all the elements are formed of 
special vortex rings, each of which, by its peculiar motion, 
impresses on the element the special characteristics which 
it possesses ; for the same element the motion is absolutely 
thfe same, and from its very nature invariable and inde- 
structible. When entering into combination with other 
atoms, it does so as an absolutely distinct and indivisible 
unit ; and when its motion, which is constrained or 
rendered rhythmic by the proximity of the motion of a 
different atom is freed by decomposition, it re-assumes 
its original form and original properties without any 
possible change or diminution. The ether is in fact, on 
this hypothesis, the only fixed element in nature, and 
what we term material bodies are only differentiated 
portions of the ether which move and vibrate in this 
all-pervading medium. Such a hypothesis — for it is 
nothing more, and at present our knowledge in regard 
to vortex motions is only small and confined to cir- 
cular forms — supplies a satisfactory explanation of some 
of those essential properties of matter which are so 
difficult to conceive in regard to solid atoms, and the 
unity which it gives to our views of the relations of 
matter and force renders it increasingly acceptable as a 
possible solution of the difficulty in regard to atomic 
constitution. 
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THE CONSERVATION OF ENERGY. 



259. The Doctrine of the Conservation of Energy will 
always mark the nineteenth century in the history of 
discovery, and is undoubtedly one of the greatest and 
grandest generalisations of modern science. 

It has already been shown that all of the physical 
forces, such as heat, light, electricity, or magnetism, 
are capable of being transformed into each other, and 
also tliat each of them can be made to perform mechanical 
work by the communication of motion to matter. All 
these various manifestations of force are, however, only 
modes or conditions of one universal energy, which 
underlies all the changing phenomena of the universe. 
This energy may be active or passive, it may be difiused 
or concentrated, it may assume unnumbered forms and 
guises, but it is one in its essential nature, and the simi 
of all the various forms of energy in the universe, when 
measured by their capacity to do work, is always a 
constant quantity. 

It is in the ceaseless transmutation of energy from 
one form to another that the myiiad phenomena of the 
universe are manifested, and in their fleeting passage we 
obtain the power which can drive our machines, and do 
our work. In the midst of this constant flux, however, 
there is no loss and no gain. Every disappearance of 
energy in an active form is always accompanied by an 
equivalent amount of work performed, and the doctrine 
of the conservation of energy simply means, that when 
this work is undone, or the machine worked backwards, 
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we always find liberated, for the performance of othei* 
work, exactly the same quantity of energy which had 
disappeared when the original work waa done. Heat 
may be changed into light, light into chemical action, 
chemical action into electricity, electricity into magnet- 
ism, magnetism into mechanical motion, and mechanical 
motion into heat again ; and in the whole series of 
changes, if it were possible to register exactly the amount 
of work done during each change, we should find no loss 
and no gain, and the final quantity of heat, when 
measured by the mechanical work which it could perform, 
would be identical with the same number of heat units 
with which the series was commenced. 

It is not easy to realise the various steps by which 
this principle of the conservation of enei^y was gradu- 
ally arrived at, or the nature and variety of the proofs 
by which it is now sustained. It is also equally im- 
possible to over-estimate the great importance of the 
discovery, and the definiteness which its adoption has 
introduced into every department of science. 

260. Definition of Energy. — Energy may be defined 
as the power to do work, quite independent of the special 
form or mode in which it may be stored, <x the character 
of the manifestation which it will exhibit during the 
performance of the work. Whenever energy changes its 
condition it always does work, and whenever work is 
done, whether it is visible or invisible to the senses, an 
equivalent amount of energy disappears. 

261. Dynamiccd Unit — Work is said to be done by 
energy or one of its special forms whenever resistance 
is olercoma The me^re of the resistance which is 
overcome by any force, or the amount of work which is 
performed, is in this country measured by the amount 
of matter which can be raised against the force of gravity 
to the height of one foot, if the energy be continuously 
exerted during one minute of tima The standard 
measure of the quantity of matter being the pound 
weight, we measure the effect of any force by the 
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number of pounds which can be raised one foot high in 
one minute of time. This measure is called the foot- 
pound, and constitutes the dynamical unit. 

Thus we have already seen (HI) that our term 
horse-power really means the power which, continuously 
exerted during one minute of time, would exactly raise 
33,000 pounds one foot high. 

262. States of Energy, — Energy has already been 
spoken of as active or passive (259). By this we mean that 
energy may either be in the act of doing work, or stored 
up in some form, such that, under suitable conditions, it 
may be liberated^ so as to enable it to do work. Stored 
energy is always spoken of as potential energy. We 
have an instance of this stored or potential energy in the 
mechanical force which is stored up in a clock weight or 
mainspring of a watch, which is gradually liberated as 
the clock or watch runs down, or in the chemical force of 
dynamite which is instantly set free when the dynamite 
is exploded. 

When energy is liberated, and performing work, it 
is called kinetic or actual energy, because the work is 
no longer stored but in the act of being expended on 
work. We have an example of this form of energy in 
the motion of a cannon ball which is being gradually 
brought to rest by the resistance of the air, or the falling 
clock weight, whose energy is being expended in driving 
the works of the clock. These two states of energy, 
although they are widely different in their character, are 
easily changed from one state into the other, and all 
the phenomena of the physical universe are really the 
result of this change which is continuously in opera- 
tion. 

263. Classijication of Erhergiea, — Without a much 
more thorough knowledge of the relation of force to 
matter, and of the nature of matter itself, than is pos- 
sessed at the present time, it is quite impossible to give 
anything but a very incomplete view of the various forms 
of energy which are presented to us in the universe. 
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Incomplete, however, as any classification may be, it 
will enable us to systematise our thoughts and ideas in 
regard to it. We may therefore divide the various 
kinds of energy as follows : — 

A. Energy op Mass. — Gravitation. 

I. Visible Potential Energy, — A raised weight. 
II. Visible Kinetic Energy, — A falling weight. 

III. Visible Potential and Kinetic Energy. — A 

swinging or vibrating pendulum. 

B. Energy of Molecules, or Molecular Separa- 
tion. 

IV. hmsible Potential Energy, — ^Any confined 

volume of steam. 
V. Visible Kinetic Energy. — Condensing steam, 
or the recoil of a bent spring. 

0. Thermo-Energy, or Absorbed Heat. 

VI. Invisible Potential Energy. — Latent heat. 
VII. Visible Potential Energy, — Expansion of 
bodies when heated which can do work on 
cooling. 

D. Electrical Energy^ or Energy of Electrical 
Separation. 

VIII. Invisible Potential Energy, — A charged Ley- 
den jar or voltaic battery, with interrupted 
circuit. 
IX. Visible Kinetic Energy. — An electric current 
fusing a wire or driving an electro-motor. 

R Chemical Energy, or Energy of Atomic Sepa- 
ration. 

X. Invisible Potential Energy. — A mass of gun- 
powder or nitro-glycerine. 
XI. Visible Kinetic Energy. — The burning of fuel 
attended by liglit and heat. 




300 INTEBMEDIATE TEXT-BOOK OF 

F. Radiant Energy. 

XIL Invisible Potential Energy, — Any heated 
or incandescent body. 
XIIL Visible Kinetic Energy, — A ray of light 
The latter may also be considered as 
partly ]X)tential and partly kinetic, because 
in all undulating media there is a period 
of rest which marks the amplitude of the 
vibration. 

Before we can pass on to the consideration of the 
relation of these various forms of energy to each other, 
we must look at them each a little more in detaiL 

264. (A) Energy of Maes, — Every mass of matter 
in motion possesses visible kinetic energy, and is there- 
fore capable of performing work. This is exhibited in 
the universe on the grandest scale in the motions of the 
heavenly bodies, such as the planets round the sun. On 
the smaller scale it is also manifest in the constant ebb 
and flow of the tides, or the action of gravitation which 
sets in motion all bodies which are free to move from 
a higher to a lower leveL K a weight be projected 
upwards, evidently the moment the projecting force 
ceases to operate, it contains stored up within itself a 
quantity of power which enables it to continue rising 
against the force of gravitation. As it continues to rise, 
however, it is thus continuously performing work, and 
finally is brought to rest at that point in the air inmie- 
diately before it begins to fall again. 

The kinetic energy of the moving wei^t is at tins 
distance from the earth evidently all expended, becaoae 
it ceases to move; and if some permanent support is 
placed immediately Mieath the weight, such as a ledge 
on a high building or tower, it will remain at rest for 
any length of time. Although the ball would be at rest^ 
however, gravitation, which produced the state of rest^ 
would still be acting upon it ; and it is quite clear that 
it "woyAdi then be in a new condition, because, while it 
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was ascending and doing work against the action of 
gravitation, it was gradually being separated farther and 
farther from the gravitating centre, and might therefore 
at any time, by the removal of the support, be made to 
fall again, when its capacity to do work would be restored. 
The kinetic energy which the ball received from the 
original impulse which projected it upwards has, in 
its state of rest, become potential; and as the reason 
why this energy has assumed this condition is because a 
new position is taken up in regard to another mass of 
matter, we may term this state of potential energy, 
energy of position. When this energy of position is 
again changed into kinetic energy by the fall of the 
body, the accumulated work which has been stored up 
in the body is proportional to the mass of the body which 
is its weight in pounds, and to the square of the velocity 
with which it is moving. The velocity is measured by 
the number of feet through which it is moving in one 
second of time. For example, a body weighing 100 lbs., 
and moving with a velocity of 1,000 feet per second, 
would possess a kinetic energy capable of doing 1,552,79.5 
units of work, because we have looxi oooxi.ooo _. 

' ^ 4*4 

1,552,795 where the divisor 64*4 is twice the velocity 
impressed on a falling body by the action of gravity in 
one second of time. 

265. En&rgy of Mobs and Momentum. — It is a common 
mistake to confound the two distinct ideas of kinetic 
energy and momentum. They are, however, funda- 
mentally different, and are therefore measured by a 
different unit. The unit of momentum is one pound, 
moving with a velocity of one foot per second. The unit 
of force is that force which, acting for one second of 
time, produces in the unit of mass a velocity of one foot 
per second. Momentum is simply the total quantity of 
motion which is possessed by the moving body, and 
increases in arithmetical progression as we increase 
velocity or the weight of the body. If we double 
weight the momentum is doubled, and in the same wa; 
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if we keep the weight constant and double the velocity 
we double the momentum. The kinetic energy or power 
to do work, however, rises with geometrical progression 
and takes no consideration of the momentum of the body, 
but simply the power which the body in motion possesses 
to do work against opposing forces. For example, if we 
employ a minute of time as the period during which our 
unit of force operates on a body instead of a second, we 
shall augment our momentum sixty-fold, because the 
minute contains sixty seconds. In regard, however, to 
the kinetic energy the case is different. What we 
formerly called our unit of force was that which, acting 
only for one-sixtieth of our new unit of time, produces 
in a mass of one pound sixty-fold the new unit of velocity, 
so that the kinetic energy, or power to do work, is 
increased three thousand six hundred-fold. 

266. (1) Visible Potential Energy. — In looking at the 
action of a mass of matter, when doing work against the 
force of gravitation, we have already seen that when 
the motion becomes arrested by its upward flight, we 
have an instance of kinetic energy, which originally 
impressed the motion upon the mass, becoming potential 
by its capability of giving out the original kinetic energy 
when permitted again to fall to the position from which 
it was originally removed. This visible potential energy 
is only a type of the stored energy of the universe, upon 
which all its phenomena depends. 

Thus, in the distances of the planets from their 
central suns, or of the various sidereal systems from the 
grand centres towards which they gravitate, we have on 
the large scale a store of energy which is practically 
unlimited. On our own earth we have similar instances 
in a stone on the top of a mountain, or the water stored 
in a mountain lake, or in our machines in raised weights 
or compressed springs. 

267. (2) Visible Kinetic Energy, — When a raised 
weight, which has been at rest, commences to isML again, 
as we have already seen, its potential energy is chs^iged 
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into kinetic energy. This is also only a type of an 
immense quantity of this energy which is visible in the 
universe around us. We have it in the motions of the 
planets, in their orbits, and in their rotation ; also in 
the motions of the various sidereal systems, and the 
slowly concentrating masses of the nebulae. We see it in 
the rising and falling of the tides, in the flow of rivers, 
or in the winds which sweep over the surface of the 
earth. In our machines, we behold it in the rush of 
the locomotive with its heavy train or the ponderous 
momentum of the fly-wheel of a stationary engine. 
In the heavy blows of the tilt hammer, the motion 
of a steamer against wind and tide, or in the flight of a 
cannon-ball from the mouth of a heavy gun. 

268. (3) Visible Potential and Kinetic Energy, — 
Under certain conditions the energy possessed by a 
moving mass of matter may be continually changing from 
the potential into the kinetic form, and vice versd. We 
have an example of this in the motion of a pendulum, 
where it swings from a position of rest at the turning- 
point of its range of vibration, through an intermediate 
stage of motion to another position of rest at the other 
extremity of its range. This alternation of motion and 
rest is indeed characteristic of all vibrating bodies, and 
we have a good example of it in the energy possessed by 
waves of sound, where the alternate expansion and com- 
pression of the air arise from an excursion of the aerial 
molecules from a state of rest to a state of motion and 
back again. 

269. Vmiotta Fo^ina of Energy. — So far' we have 
only considered the various forms of energy which are 
visibly manifested either in the motion of masses of 
matter or in the potential form in the arrangement of 
matter, under such conditions that the production of 
energy from its motion is evident to the unaided senses. 
There are, however, many forms which energy may 
ajBsume where its existence, or the evidence of it, is not 
so distinct, but where it is equally present, and can be 
made evident by suitable means and iLa^\iT\v\CL<^x\X9i^. 
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270. (B) Energy of Molecules^ or Molecular Separa- 
tion, — This form of energy is stored in or liberated from 
combinations of molecules which are themselves formed 
of systems of atoms. It is less energetic than chemical 
energy, and is, indeed, another form of energy of posi- 
tion, arising as it does from an interval of space existing 
between the molecules which form the structure of 
matter, whether in solid, liquid, or gaseous condiiion. 
It may be stored in the potential form by the mechanical 
act of the separation of the molecules, as in a bent bow, 
and become kinetic in the flight of the arrow, but it is 
much more frequently the result of the action of absorbed 
heat, which forces asunder the molecules to a greater 
distance from each other, and becomes visible in the 
expansion of the mass, quite independent of the vibra- 
tory motion which the heat induces in the molecules 
themselves. The work accomplished is really the over- 
coming of the cohesive attraction of the constituent parts 
of the body, and is sometimes called molecular or cohe- 
sive energy. We have a good illustration of it in the 
potential energy stored in steam, which is only mole- 
cules of water whose cohesion has been overcome by 
the action of heat, and when this cohesive energy again 
comes into play by the diminution of volume during con- 
densation, we have the energy again becoming Hnetic 
and capable of performing work. 

271. (C) Thermo-Energy or Absorbed Heat — ^This is 
the energy possessed by a hot as distinguished from a 
cold body, and may, as we have already seen, be regarded 
as a peculiar motion imparted to the molecules of a body 
as distinguished from a cold body where this motion is 
absent. It may be communicated to another body by 
direct contact with it, in which case it performs inter- 
molecular work by increasing the volume of the warmed 
body, or it may communicate motion to the surrounding 
luminiferous ether, in which case it assumes the form of 
radiant heat, which differs entirely from absorbed heat 
Within the molecular system of a body it may perform 
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two distinct classes of work. The first of these classes 
is, as we have already seen, molecular separation, which 
may, in the case of steam, be measured by the latent 
heat, while the other work which is molecular motion is 
measured by the absolute temperature. Tliermo-energy 
is potential in all bodies which are warm, and becomes 
kinetic whenever this warmth or heat is permitted to 
diffuse itself into any colder body. 

272. (D) Mectrtcal Energy, or Energy of Electrical 
Separation, — This energy is also probably a peculiar 
motion, or molecular strain, arising from the attraction 
which heterogeneous atoms possess for one another. In 
this sense, therefore, it is only another form of energy of 
position. It is potential in the form of electrical separa- 
tion or magnetism, and kinetic in the form of a current 
or molecular motion, when the molecular equilibrium of 
a system or body is being re-established. We have an 
instance of the former in a charged Leyden jar, and of the 
latter in the spark which springs from one point to another 
when the circuit between the two surfaces is completed. 

273. (E) Chemical Energy, or Energy of Atomic 
Separation, — Gravitation is the attraction which masses 
of matter as a whole possess for each other, and 
atomic or chemical energy is the attraction which the 
ultimate atoms or smallest units of matter possess for 
each other. It is really a special form of energy of posi- 
tion, similar to a raised weight, only the attracted and 
attracting bodies are much more equal in size, and the 
attraction much more powerful than gi-avitation, which 
is relatively a weak force. This energy is stored, and 
be<5omes potential whenever these affinities are overcome 
by the action of any energy capable of dissociating the 
atomn, as in the decomposition of water into oxygen and 
hydrogen under the action of an electric current. It 
becomes kinetic whenever the affinities are exercised and 
the atoms enter into combination, as in the explosion of 
oxygen and hydrogen when water is formed, or of gun- 
powder when a light is applied. 

u 
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274. (F) Badiant Eiiergy, — ^This is the energy which 
is stored in ail bodies whose atomic or molecular motion 
is capable of communicating motion to the ethereal 
medium, which we have already seen pervades all space. 
It is kinetic in the motion or disturbance of the equi- 
librium of the ether, whether the motion which the 
ethereal medium is capable of communicating to matter 
takes the form of heat, light, actinic action, or electrical 
separation. The best instance which we can give is solar 
radiation which, when it falls upon matter, heats and 
illuminates as well as induces chemical action and de- 
'composition. This last is clearly seen in the photographic 
action of sunlight, or the power which tlie leaves of 
plants possess under its influence to tear asunder the 
atoms which form the molecule of carbonic acid. 

275. Transmutalion of Energy. — ^Although the vari- 
ous forms of energy are essentially different in their 
manifestations, they can, nevertheless, under certain 
conditions be very readily changed or transformed into 
each other. To change into or reproduce from some of 
the special forms of energy any other particular form, it 
is, however, often necessary to cause the original energy 
to pass through several intermediate forms before the 
final change is reached. The following are a few of the 
various instances in which energy of one form can be 
changed into energy of another form. 

276. Potential Enebgy of Mass may be changed 

into— 

1. Mechanical motion, or kinetic energy of mass, as 

in a falling weight where the energy is visible 
and kinetic. 

2. Thermo-energy, or heat, if the falling body is 

permitted to stop suddenly by impact against 
another body when both are warmed ; or if the 
energy of the falling weight be expended on 
producing friction, either in solids or in liquids, 
as in Joule's arrangement of paddles. 

3. Molecular energy, if the heat of friction in the 

liquid is contiime^ wxv\i\i «>\«axn is raised. 
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4. Radiant energy, if the absorbed heat or molecular 

energy of the solid or liquid warmed by friction 
is permitted to radiate into space. 

5. Electrical energy, if the radiant heat is permitted 

to fall on to a thermo-pile, and thus produce 
the energy of an electric current. 

6. C/iemical energy, if the electric current is used to 

decompose water into its constituent gases. 

277. Kinetic Energy of Mass may be changed 
into — 

1. Visible potential energy, if the moving weight is 

employed to raise another weight, as when the 
full trucks in a colliery incline raise the empty 
ones to the bank again. 

2. I7iermo-energy, if the moving body is permitted 

to impihge upon another body, such as a cannon- 
shot against a target, when both target and 
ball become heated. 

3. Molecular energy, if the body is fused by the 

impact or by the friction of a resisting medium, 
as many meteorites, on entering the atmosphere, 
out of space. 

4. Radiant energy, as when the blow or impact 

produces a flash of light. 

5. Electrical energy, when the falling weight drives 

a magneto-electric macliine, and thus produces 
an electric current. 

6. Chemical energy, when the heat of friction pro- 

duced by the moving body causes chemical 
action, such as in the striking of a lucifer match 
or percussion fuse of a shell. 

278. Energy of Molecules, or Molecular Separa- 
tion, may be changed into — 

1. Visible kinetic energy, as in the expansion or con- 

densation of steam. 

2. Visible potential energy, as when the steam, either 

by condensation or through a s':eam-engine, 
raises water to a higher level. 
V 2 
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3. Thermo-eTvergyy as when the latent heat is given 

out by condensing steam. 

4. Electrical energy, as when a steam-engine drives 

a dynamo-electric machine, and thus produces 
a current. 

5. Radiant energy, where this current produces the 

electric light. 

6. Chemical energy, when this current fires gun- 

powder or produces chemical decomposition. 

279. Thermo-Energt, or Absorbed Heat may be 
changed into — 

1. Molecular energy, as in the production of steam. 

2. Visible kinetic energy of mass, as in the rotation 

of the fly-wheel of a steam-engine. 

3. Visible potential energy of mass, as when the 

steam-engine is employed to raise the weight of 
a pile-driving machine. 

4. Electric energy, as when the steam-engine actuates 

a dynamo-electric machine. 

5. Radiant energy, as when a hot body cools by 

radiation into space. 

6. C/temical energy, as when heat produces chemical 

decomposition. 

280. Electrical Energy, or Energy op Electrical 
Separation, can be changed into — 

1. Visible potential energy, as when an electro- 

magnet raises and supports a weight. - 

2. Visible kinetic energy, as when an electric current 

drives a reverse dynamo machine, or any electro- 
motor, as in the electric railway. 

3. Titer mo-energy, as when the current raises a 

platinum wire or ribbon of carbon to incan- 
descence. 

4. Molecular energy, as when the current fuses a 

wire and raises the metal into vapour. 
6. Radiant energy, as in the electric light. 
6. Chemical energy, as when the current decomposes 

any electrolyte. 
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281. Chemical Energy, or Energy op Atomic 
Separation, may be changed into — 

1. Visible kinetic energy ^ as when a shot is dis- 

charged from a cannon by the explosion of 
gunpowder. 

2. Visible potential energy^ when any explosion 

raises a mass of matter to a higher level, as 
when the weight of a pile-driving machine* is 
raised by explosion. 

3. Thermo-energyy in any chemical combination 

which disengages heat, as in ordinary combus- 
tion. 

4. Molecular energy, in the condensation of any gas 

by its own pressure on liberation from combina- 
tion, as in a gazone or soda-water machine. 

5. Ulectrical energy, as when an electric current is 

produced from a voltaic cell, by the action of 
an acid upon a solvent metaL 

6. Radiant energy, as in the production of light by 

combustion in ss candle or lamp. 

Many other illustrations of the transformation of 
energy might be mentioned, but the above examples are 
sufficient to show that all forms are interchangeable. 

282. Quantivahn^e in tJie Transformation of Energy, 
— The doctrine of the conservation of energy requires 
that all the changes which energy can undergo take 
place without any loss or gain, and that when any trans- 
formation takes place, if all the effects produced are taken 
into account, they are exactly equal to the original 
amount. When matter undergoes transformation into 
a new condition, as in chemical synthesis or analysis, we 
can biing all the resulting substances to the test of the 
balance, because the refinements of modem chemical 
manipulation enable us to reduce the loss of matter 
an almost inappreciable quantity, so that the inde 
tibility of matter can be physically demonstrated to 
senses. In the transformations of force, however. 
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have an imponderable agent to deal with which can 
diffuse itself in a large number of ways, so that it often 
becomes a physical impossibility to account for all the 
original forcL. Ld with Vur best experimental results we 
can never absolutely change all the energy in one form 
into that of another. This tendency on the part of 
energy when undergoing transformation to assume forms 
in which it cannot be reproduced in the kinetic form is 
called the Dissipation of Energy. We have an illustra- 
tion of this in the running down of a clock-weight where 
the energy is expended on the friction of the machine, 
or the motion of the air in the ticking of the escapement 
or the striking of the bell, which can never be recovered 
again. 

The truth of the doctrine of the conservation of 
energy, however, rests upon rigid experiments and just in 
proportion as our experimental and instrumental means 
become more perfect we are able to prove more and more 
definitely the quantivalent nature of every transforma- 
tion. The researches of Joule, which we have already 
mentioned (205), on the transformation of mechanical 
work,' such as the energy of a falling weight, and of 
chemical and electrical energy, into heat ; and of 
Thompson, Rankin, Clausius, and oiJiers on the trans- 
formation of heat into mechanical work have settled 
the question beyond all doubt. They have proved that 
whenever mech^cal work is performed by the agency 
of heat, the same quantity of heat always disappears and 
passes out of existence as heat, whenever the same 
quantity of work is performed, and this constant relation 
is, as we have already seen, called the mechanical equi- 
valent of heat. The same quantivalence also holds good 
between heat and moleculai* work, or molecular separa- 
tion, as in the expansion of gas of the same kind under 
similar conditions of pressure, also in the production of 
electrical currents in a thermo-pile, or the reverse process 
where electric currents are made to heat a wire. It also 
holds good that a giveii o^MLtity of chemical action, as 
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measured by the solution of the positive element in the 
electrolyte, always reproduces an equivalent quantity of 
chemical decomposition or recomposition, such as in 
electro-plating in any other electrolyte when the circuit 
is closed. 

Nothing proves the truth of a theory better than the 
power to predict phenomena which have not yet been 
observed, but which must occur if the theory be true. 
The application of this doctrine of the conservation of 
energy has enabled us to foretell certain results which 
were unexpected except as a result of this theory, and 
when tried experimental confirmation was obtained : 
such as the lowering of the freezing-point of water by 
pressure, or the cooling of any substance by compression 
which contracts by the application of heat, such as water 
between about 32° Fahr. and 39° Fahr., or Indian rubber 
which is heated by extension. 

283. Law of the Conservation of Energy, — If we there- 
fore separate a fixed and definite portion of the energy 
of the imiverse, or at any rate conceive of its being so 
isolated, for it cannot actually be accomplished, whatever 
changes and transformations it undergoes, we know that 
the sum of the mechanical work which all the several 
energies are capable of performing is always a constant 
quantity. Some of the energy may be potential and 
some kinetic, but the sum of the two in whatever form 
they may exist is always the same. They may exist as 
energy of mass, as absorbed heat, as molecular or 
electrical separiition, as radiant energy or chemical or 
atomic separation ; but the sum of the whole, when 
measured by their capacity to do work is always constant. 
The relative proportions of each may vary every instant, 
and, indeed, some of them may disappear altogether, but 
only to increase the quantity of the remaining forces, and 
amidst all the transformation the sum total never varies. 
The great Faraday thought that this law of the conserva- 
tion of energy was violated by the increase in attractive 
power, which all bodies experience as they approach each 
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other, and wliich is inverselj as the square of the dis- 
tance. He even went so far as to endeavour to determine, 
but without success, what became of the energy of 
attraction which was lost when two bodies were separated 
from each other. We must, however, remember that 
this gain in attraction when bodies approach, and loss 
when they recede, is really only the loss in kinetic or 
gain in potential energy, which was originally expended 
in the diffusion or separation of matter, and that the law 
of gravitation itself is a mathematical deduction from the 
theory of the conservation of energy. 

284. Dissipaiion of Energy, — Although the two 
states of energy — potential and kinetic — are mutually 
interchangeable, so that potential energy of mass may be 
changed into kinetic energy of motion of the mass, still 
there is a physical limit to this change, because kinetic 
energy may be expended in the performance of molecular 
work where the motions are too small to be recovered 
again as potential energy of mass (282). It has been experi- 
mentally proved — and in strict accordance with theoiy — 
that although it is quite possible to change all the stored 
energy of a mass of matter, when liberated by its motion, 
into heat, it is not possible to reverse the process and 
change all the heat back again into mechanical motion. 
There is always a certain portion of the heat frittered 
away, disappearing in the performance of work amongst 
the molecules of matter, and which cannot be recovered 
by any means at present known to science. 

The gradual concentration of all the matter in the 
visible universe, which is evident in the past history 
of our solar system and in the star clusters and nebulas 
in the far-distant regions of space, is therefore slowly 
changing all the potential energy which was originally 
present in the universe into the kinetic form. This 
process undoubtedly points to an end to all its phe- 
nomena, unless there is some higher and exterior law in 
operation with which we are not at present acquainted. 
The ultimate form to which the kinetic energy of the 
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universe tends is diffused heat, and when this long- 
protracted diffusion will have been accomplished, so that 
all matter will possess a uniform temperature, all motion 
and all life will cease. Millions of years, countless as the 
sand upon the sea-shore, will roll away before this end 
will come, but come it will as surely as a clock will run 
down if no exterior power raise the fallen weight. 

We may also point out that this same law also indi- 
cates a beginning, because the sum of the potential and 
kinetic energy being a constant and finite quantity, the 
phenomena of the univerae cannot have been exhibited 
from all eternity, or else the potential energy would all 
have assumed the kinetic form. How distant the time 
of the beginning may be no computation can determine 
any more than it can determine the time of the end ; but 
that there has been a beginning, and that there will be 
an end, to the existing condition of the univei*se, is as 
certain a deduction from the present knowledge of 
physical causes, as any knowledge which we possess. 

The dynamical theory of matter opens up a wide 
field for speculation as a possible source of un- 
exhausted energy in the universe; but into this 
question the limit of our work forbids us to enter. 
Let it suffice to say that we are probably only on the 
threshold of our knowledge of the physical universe and 
its laws, and that each step which we take, while it may 
widen our knowledge, only reveals a still wider region 
into which it is difficult but probably not impossible to 
enter. Guided by the laws which have been ascertained 
from rigid observation and experiment, we may rest 
satisfied that each step forward will be followed by in- 
creased power on the part of man to control the forces 
and reactions of the material world, so that in the future, 
as in the past, the progress of science will be at once a 
cause and a proof of an advance in civilisation and will 
thus confer measureless benefit on mankind at large. 
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LaWfPhysical 9 
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M Formation of 190 

»t •> Imafreby.. ..199 

M Different Forms oC .. ..193 
M Refraction through .. ..190 

Lever, The 128 

Leyden Jar 9iO 

^^ „ Battery Ml 

Light, Aberration of 181 

M Dispersion of 196 

„ Diffraction of 904 

M in Relation to Matter .. ..170 

M Inflection of 901 

,• Intensity of I8l 

M Interference of 308 

M Nature of 177 

., Polarised 906 

N Recomposition of .. ..107 

M Reflection of 18I 

H ., from Plain Sur- 

faces .. 182 

w „ from Curved Siuv 
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„ Flow of 14S 
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. M M Pressure 187 
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» Pole 950 

„ Storms 960 

Magnetism and Electricity, Relation 

of S50 

Mariner's Compass 951 

Mariotte'sLaw 148 
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„ Work 195 
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Mercurial Pendulum 9il 
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things) 11 

Metals 975 

Meteors 89 

Microscope. The (Greek, m<ero«, 
small, and $copeo, I vi» w ; an In- 
strument for magnifying objects) 25 

Microscope, Simple 198 

., Compound 193 
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and metron, measure ; an instru- 
ment for measuring small dis- 
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Microphone (Greek, mioroa, small, 
andjphone, sound ; an instrument 
for increasing sound) ..138 

Mirage (from the French word for an 

optical illusion) 189 
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chemical combination) ., 115,286 

Molecule, Size of 290 

„ Free Path of 291 

Molecular, Grouping 28S 

„ Physics 266 
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PAGS 

Starry Hearens S9 

Stethoscope (Greek, «MA«8, the 
breast, and acopeo. I examine ; an 
instnunent used to examine the 

lungs, Ac) 176 

Storage of Electricity 964 

Stratification of Electric Discharge 258 

Sun, Actual Size of 90 

w Apparent Size of 33 

M Cause of Heat and Light In .. 96 

„ Dtstanceof 99 

M Nature of 94 

Snn-Spots 95 

M Nature of 97 

Swan-liamp 848 

Synthesis, Chemical 376 

Syphon 156 

System of Pulleys lao 

T. 

Tangent Compass 9B0 

Taste and Smell 97 

Telescope, The (Greek, te/0, afar, and 
seopeo, I see ; an instrument for 
viewing distant objects) . . . . 94 

Tele scope. Reflecting 187 

„ Refracting lOB 

Telegraph The (Greek, tele, afar, 
and graphOt I write ; an instru- 
ment for transmitting messages 

to a distance) 369 

Telegraph, Needle Instruments . . 350 
Telephone, The (Greek, tele, afar, and 
phone, sound ; an instrument for 
transmitting sounds to a dis- 
tance) 263 

Temperature, Measurement of •• 315 

Srrestrlal Magnetitim 359 
ermometer. The (Greek, therme, 
heat, and metron, measure; an 
instrument for measuring tem- 
pera) ure) 37,315 

Thermometer, Mercurial .. ..316 
Thermo-Dynamics (Greek, therme, 
hOHt, and dynamii*, force; the 
science which treats of the rela- 
tion between heat and work) . . 233 

Thermo-Energy 8 4 

„ -Electricity 200 

,, -Electric Battery .. ..260 

„ -Pile 260 

Thermometric Scales 217 

Tides, The 76 

Torricellian Vacuum 153 

Trajectory 134 
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Transmutation of Energy .. ..906 
„ M Quantival- 

encein 809 

Tropics (Greek, trepo, I change ; the 
farthest point north or south at 
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„ Vibration of .. ..162 
Turbine, The 145 
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Unit of Work 47 
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Variable Stars 104 

Velocity of Light 180 
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„ „ Plates 171 

„ „ Rods 171 

Virtual Velocity 48 
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Vision, Limit of 25 

Vital Action 209 

Volcanoes 960 

Voltaic Electricity 244 

M Currents, Effects of .. ..917 

M Battery 245 

„ Pair 244 

Voltameter 84m 

VortexAtoms 983 
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Water, Composition of 271 

„ Barometer 153 

Wave, Front I6i 

„ -Motion in Gases 161 

Waves, Nature of 150 

Wedge, The iss 

Weight, or Ponderability .. ..88 

„ Absolute 83 

„ Relative 84 

M Specific 84 

„ of Gases 148,279 

Wheel Mid Axle 129 

Work, Estimation of 47 
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MANUALS OF TECHNOLOGY. 

EDITED By 

PROFESSOR AYRTON, F.R.S., 

AND 
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For some time past there has been a widespread demand on the 
part of technical students for text-books. The object of this series 
is to meet this demand by furnishing books which describe the 
application of science to industry. 

These manuals are not intended to teach pure science, nor 
yet the methods of a workshop ; they are to form- the link which 
will combine these two essentials for the modern artisan — thought 
and practice ; they are designed to make workmen thinkers, not 
merely human tools. 

To attain this, it is most important to translate the language 
of the Professor into the language of the workshop, thus giving 
to the British workman an acquaintance with the scientific prin- 
ciples which underlie his daily work. 

No special knowledge of mathematics or of science is 
necessary to the student of this series, but it is expected that he 
will have been observant of the processes carried on in his work- 
shop, which will be here scientifically explained. The subjects 
will be treated analytically rather than syntheticall;^ ; that is to 
say, the machine, as the workman knows it, will be taken as a 
whole and analysed, and special care will be taken to avoid the 
method so common in scientific books, according to which a 
number of abstract principles are first developed, while their 
practical apphcation is deferred to the end of the book, which, 
probably, the practical man never reaches. 

As text-books for the large and increasing number of candi- 
dates at the Technological Examinations of the City and Guilds of 
London Institute, with which many of the authors are connected, 
these Manuals of Technology will be especially valuable. An 
author in each case has been selected who was able to comprise 
a well-grounded scientific knowledge with a practical familiarity 
with the minute details of the trade treated of in his book. Con- 
sequently, while the latest and most approved processes of manu- 
facture will be found described, the exact scientific reasons for the 
superiority of these modem methods over the oldfir qv!«& ^'Kc \«. 



given in full, as well as such indications as science would suggest 
for improving the present processes. 

The following Manuals of Technology are already in pre- 
paration, and others will be added : — 

Electric Ugbtlng and TransmiMdon of Power. By 
W. E. Ayrton, F.R.S., Professor of Electrical En- 
gineering and Applied Physics, City and Guilds of 
London Technical College, Finsbury. 

Practical Mechanics. By J. Perry, M.E.. Professor 
of Mechanical Engineering, City and Guilds of London 
Technical College, Finsbury. Price 3s. 6d. [Nina 

Ready, 

Cnttincr Tools Worked by Hand and Maclilne. By 

R. H. Smith, Professor of Mechanical Engineering, 
Sir Joseph Mason's College, Birmingham. Price 3s. 6d. 

[Now Ready, 

Iron and SteeL By W. H. Greenwood, F.CS. ; 
Assoc. M.I.C.E. 

Fluid Motors. By Professor Perry, M.E. 

Chemistry. By Dr. Armstrong, F.R.S., Secretary of 
the Chemical Society, Professor of Chemistry, City 
and Guilds of London Technical Collie, Finsbury. 

Flax Spinnincr. By David S. Thomson, Manager, 
Mountain Mill, Belfast 

Watch and Clock Making. By D. Glasgow, Vice- 
President, British Horological Institute; 

The numerous Illustrations to these books will be pictures of 
the actual machines as they exist in the best factories, and will not 
be merely conventional representations conveying but little intelli- 
gence to the practical man. 

The aim throughout has been to prepare books that shall appeal 
at once to the workman. Their preparation has been entrusted to 
writers who know what the workman's difficulties are, what infor- 
mation he needs to help him in his trade, and this is presented in 
such a form that the reader may be attracted by a desire to learn 
the Why and Wherefore, instead of being repelled by the supposed 
difficulties of science. 
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Cassell's Technical Manuals, 

CONSISTING OF A SERIES OF VOLUMES WHICH CONTAIN THE 
ESSENTIALS OF A COMPLETE TECHNICAL EDUCATION, 
COMPRISE — 

Handrailing and Stairoasing. A Complete Set of 

Lines for Handrails by '* Squaie-cut System," and Full Prac- 
tical Instructions for making and fixing Geometrical Staircases. 
By Frank O. Creswell, of the Liverpool School of Science ; 
Medallist for Geometry. With upwards of One Hundred 
Working Drawings. Fcap. 8vo, 3s. 6d. 

Drawing for Carpenters and Joiners. With Ele- 
mentary Lessons in Freehand and Object Drawing. Containing 
250 Illustrations and Drawing Copies. Cloth, 3s. 6d. 

Drawing for Bricklayers. With the Elements of Free- 
hand, Object, and Plan Drawing. Containing Two Double 
and Thirty-two Single Pages of Illustrations, adapted for Archi« 
tectural Drawing. Cloth, 3s. 

Drawing for Cabinet-Makers. With Lessons in Orna- 
mental and Object Drawing ; Elementary Instruction in Water- 
Coloured Drawing. Containing Twenty-four Single and Five 
Double-page Plates. Cloth, 3s. 

Drawing for Stonemasons. With Elementary Lessons 
in Freehand and Object Drawing, and a Concise History of 
Masonry. Containing Six Double and Twenty-five Single Pages 
of Illustrations. Cloth, 3s. 

Drawing for Machinists and Engineers. With 

over 200 Engravings and Working Drawings, including Forty 
Full-page and Six Treble-page Plates. Cloth limp, 4s. 6d. 

Drawing for Metal-Plate Workers. Containing 

Practical Geometry and Projection, specially adapted to this 
branch of industry ; the Penetration of Solids and Uie Develop- 
ment of Surfaces; Elementary Lessons in Freehand Object 
Drawing, &c. With Six Double and Twenty-six Single Pages 
of Illustrations adapted for Drawing Copies. Cloth, 3s. 
Qothic Stonework. Containing the History and Principles 
of Church Architecture, and Illustrations of the Charactenstic 
Features of each Period, the Arrangement of Ecclesiastical 
Edifices, &c. With Seven Double and Eighteen Single-page 
Plates. Cloth, 3s. 

Building Construction^ The Elements of, and 

Architectural Drawing. With 130 Illustrations. 
128 pp., extra fcap. 8vo, cloth Bmp, as. 
Iiinear Drawing. With about 150 Illustrations, and Six 
Whole-page Diagrams of Working Drawings. 128 pp., extra 
fcap. 8vo, cloth limp, 2s. 

{List continued on next ^age.) 



Cassell. Petter, Galpin & Co. : London, Paris & New Vo^yl, 









Cassell's Technical Manuals-^continued, 

Orthographic and Isometrioal FroieotLon. With 

about Forty Whole-page Diagrams. Cloth hmp, 2s. 
Practical Perspective. With Thirty-six Double-page 
Illustrations. Cloth limp, 3s. 

Model Drawing. Containing the Elementary Principles 
of Drawing from Solid Forms. With Twenty Single and Six 
Double-page Plates. 3s. 

Applied Mechanics. By Professor R. S. Ball, LL.D. 
With numerous Illustrations, and 140 Questions for Examina- 
tion. Cloth, 2S. 

Systematic Drawing and Shading. By Charles 

Ryan. Giving Practical Lessons on Drawing. Cloth, 2s. 

%• About 160,000 Copies of these valuable Manuals have 

already been sold. 



Cassell's Technical Educator: An Encyclop/Cdia 

OF Technical Education. Complete in Four Volumes. 
With Coloured Frontispiece and numerous Illustrations in 
each Volume. Extra crown 4to, 416 pp., 6s. each ; or 
Two Volumes, half-calf, 31s. 6d, 

Cassell's Popular Educator: An Encyclopaedia of 
Elementary and Advanced Education. Complete in 
Six Vols., cloth, price 6s. each ; or Three Vols., half-calf, 50s. 

New and Thoroughly Revised Edition now publishing in 
Monthly Parts at 6d.; and in Volumes, $s. each, 

"The first book which I will recommend is 'Cassell's Educator.*** — Rt. 
Hon. Robert Lowe's Speech at Halifax. 



Intermediate Text-Book of Physical Science, 

ByF. H. Bowman, D.Sc, F.R.A.S., F.L.S., Fellow of the 
Geological, Chemical, and Royal Microscopical Societies, 
Straton Prizeman and Gold Medallist in Technology, Universit y 
of Edinburgh. Illustrated. Extra fcap. 8vo, cloth, 3s. 6d. 

This work is the outcome of a speech delivered at Liverpool by Professor 
Huxley, who represented the serious want felt by students at night-classes 
for a general introduction to science suited to their needs. It will occupy, 
as Professor Huxley suggested, an intermediate position between the ele- 
mentary text- books for use in schools, and those which are suited for colleges 
and universities. Not only will it be specially suitable for the science 
classes connected with Mechanics' Institutes, Youn^ Men's Associatioiu^ 
Intermediate Schools and Colleges, and other educational institutions, but 
for all non-mathematical students who desire a complete introduction to 
science. It embodies the latest scientific researches^ and contains an 
accurate and philosophical account of tbe present condition of the physical 
sciences in all branches, enabling its reader to follow the advance continually 
being made in the application of science to the arts and uses of every-day 
life. 



Cassell, Petter, Gal-pw & Co.-.\/i^\ia^,^K».\s & New York. 
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TECHNICAL DRAWING MODELS. 

By Ellis A. Davidson, 
Published by CASSELL, PETTER, GALPIN & CO., 

price £2, consist of 



I Square Slab, 14 x 14 x 2. 

1 ,, 10 X 10 X 2. 

9 Oblong Blocks (forming steps 
and doorway), 12 x 3 x 2. 

2 Cubes, 6x6x6. 

4 Square Blocks, 12 x 2 x 2. 
I Octagon Prism, 12 x 6. 



I Cylinder, 6x9. 

I Cone, 6x9. 

I Jointed Cross, 12 x 2 x 2. 

I Triangular Prism, 12 x 6. 

I Pyramid, Equilateral, 6x6x6. 

I Pyramid, Isosceles, 6x6x9. 

I Square Block, 4 x 4 x 12. 

«• This Set 0/ Models has been added to the List 0/ Examples towards 
the Purchase of which the Science and Art Department allows ^ in the case 
of Elementary and other Public Schools, a grant o/so per cent, of the cost, 
thus etiabling Schools to possess these M^els for the sum of Twenty 
Shillings. Forms of Application for obtaining the Grant may be had 
from the Secretary, Science and Art Department, South Kensington, 



• • 



Practical Guides to Oil and Water-Colour 

Painting, 

Published by Messrs. Cassell, Petter, Galpin & Co, 

Landscape Fainting in Oils, A Course of Lessons 

in. By A. F. Grace. With Nine Reproductions in Colour, 
and numerous Examples Engraved on Wood. 42s. 

Sketching from Nature in Water Colours. By 

Aaron Penley. AVith Illustrations in Chromo-Lithography. 
15s. 

Figure Fainting in Water Colours. With 16 

Coloured Plates by Blanche Macarthur and Jennie 
Moore. With full Instructions by the Painters. 7s. 6d. 

Flower Fainting in Water Colours. With 20 Fac- 
simile Coloured Plates by F. E. Hulme. Crown 4to, cloth 
gilt, ss. 

Water Colour Fainting, A Course of. With Twenty- 
four Coloured Plates from designs by R. P. Leitch. Cloth, 

5s. 

Sepia Fainting, A Course of. With Twenty-four 

Plates from Designs by R. P. Leitch. With Full Instruct- 
tions to the Pupil, Cloth, 5s. 

Fainting in Neutral Tint, A Course of. With 

Twenty-four Plates by R. P. Leitch. With full Instructions. 
4to, cloth, 5s. 

Casseil, Fetter, Gaipin & Co.: London, Paris & New York. 
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SeficH9m from Cmssell^ Petter, Galpin &» Co,'s 

EDUC ATIONAL WORKS. 

Arithmetic, The Elements of. By Professor Wal- 
lace, M. a. New Edition. 50th Thousand. Limp cloth, is. 

Commentary for Schools. Consisting of some separate 
Books of the New Testament Commentary for English 
Readers (Edited by tfie Lord Bishop of Gloucester and 
Pistol), in Sfnall Volumes. Revised by their respective 
Authors for School and general Educational purposes. Cheap 
Editions of the following Books are now ready : — 

ST. MATTHEW. By the Very Rev. Dean Plumptre, 

D.D. *3s. 6d. 
ST. MARK. By Very Rev. Dean Plumptre, D.D. 2s. 6d. 
ST. LUKE. By Very Rev. Dean Plumptre, D.D. 3s. 6d. 
ST. JOHN. By Ven. Archdeacon Watkins, M.A. 3s. 6d. 
THE ACTS OF THE APOSTLES. By the Very Rev. 

Dean Plumptre, D.D. 3s. 6d. 
L CORINTHIANS. By the Rev. T. Teignmouth Shore, 

M.A. 2S. 

Decisive Events in History. By Thomas Archer. 

With Sixteen Original Illustrations. Fifth Edition, Extra 
fcap. 4to, cloth gilt, gilt ed^es, ss. 

"These turning-points of history are well told and admirably illus- 
trated." — Educational Times. 

Decorative Design, The Principles of. By 

Christopher Dresser, Ph.D. With Two Coloured Plates 
and numerous Illustrations. Cheap Edition, Extra crown 4tO| 
cloth, 5s. 

Drawing-Copy Books, Cassell's Fenny. Each 

Penny Book consisting of 14 pages of Drawing CopieS} fcapi 
4to, with blank space for the Pupil to draw upon. 

Drawing. 
How to Draw Elementary Forms, Models. &c. 150 Studies 

in Freehand. By Charles Kyak. Price ^A. 
How to Draw Floral and Ornamental Fornrs. xoo Studies in 

Freehand. By Charlbs Ryan. Price yd. 
How to Draw LandscapeR, Trees, Ships, &o. zco Studies in 

Freehand. By R. P. Leitch. Price 8d. 
How to Draw Animals, Birds, and Dogs. 74 Studies In Animal 

Life. By A. T. Elwes. Price 6d. 
How to IJraw Machinery. 100 Practical Studies in Geometrical 

Drawing. By Ellis A. Davidson. Price gd. 
N.B. — The above Books contain Blank Paper for copying each example. 

Drawing Books, Superior, 

Printed in Facsimile by Lithography, are also published, bound in doth, 

gilt lettered, price 5s. each. 
How to Draw Figures. 96 Graduated Studies from Life. 
B ow to Draw in Freehand. 96 Graduated Studies of Models. 
How to Draw Floral and Vegetable Forms. 96 Studies from 

Nature. 
Animal Drawing. A Series of Graduated Drawing Copies. By A. T. 

Elwes. With 96 pages of Drawings. Crown 4to, doth, 5s. 

Cassell, Petter, Gal?\i^ & Co.-. 'Lo^\io^^PKRis & New Yobk. 



Cassell's Educational Workn—contmued. 

Drawing-Copy Books, Freehand (Cassell's 

School Board). Consisting of Four Books, each containing 
i6 pages, fcap. folio, of Drawing Copies, and the paper to 
draw upon. Price is. 4d. the set. 

English Literature, A First Sketch of. By 

Henry Morley, Professor of English Literature at University 
College, London. Comprising an Account of EngUsh Litera- 
ture from the Earliest Period to the Present Date. 912 pages, 
crown 8vo. Eighth Edition. Qoth, 7s. 6d. 

Euclid, Cassell's. Being the First Six, with the Eleventh 
and Twelfth Books of Euclid. 122nd Thousand. Edited by 
Prof. Wallace, M.A. New Edition, Cloth limp. is. 

Euclid, The First Four Books of, for the use of 
Primary Schools. Paper, 6d. ; cloth, Qd. 

French, Cassell's Lessons in. New and Revistd 

Edition. ioj.th Thousand. Corrected according to the 7th 
Edition (1877) of the Dictionary of the French Academy, and 
considerably Enlarged, by Prof. E. Roubaud, B.A. Parts I. 
and II., cloth, each, 2s. 6d. ; complete, 4s. 6d. Key, is. 6d. 

French-English and English-French Dictionary-, 

Cassell's. 146th Thousand. Compiled by Professors De 
LoLME and Wallace. Revised and Corrected, from the 7th 
and Latest Edition of the Dictionary of the French Academy, 
by Professor Roubaud, RA. (Paris). 146 Thousand. Crown 
8vo, 1,150 pages, cloth, 3s. 6d. ; or in superior binding, with 
leather back, 4s. 6d. 

This New Edition of Cassbll's Frbnch Dictionary is corrected 
according to the latest edition of the Dictionary of the French Academy 
(1877), and not only contains 3,200 new words introduced into that work, 
but several hundred ^ in addition, making a total of 3,000 New WordS. 
Many other features are introduced which are not found in any other txist- 
ing Dictionary^ rendering it the cheapest, yet most complete, extensive, 
and (so far as modem spelling is concerned) the only thoroughly accurate 
Dictionary of the French Language published in this country. 

Galbraith and Haughton's Scientific Manuals. 

By the Rev. Professor Galbraith, M.A., and the Rev. Pro- 
fessor Haughton, M.D., D.C.L., F.R.S. Cloth, red edges. 



Arithmetic. Containing nearly 

2,000 Examples. 3s. 6d. 
Plane Trigonometry, as. 6d. 
Euclid. Books!., II., III. 3s.6d. 
„ ,, IV.. v., VI. as. 6d. 

Mathematical Tables. 3s. 6d. 
Mechanics. 3s. 6d. 
Optics. 2S. 6d. 



Hydrostatics. 3s. 6d. 

Astronomy. 5s. 

Steam En£;ine. 3s. 6d. 

Algebra. Part I., cloth, as. 6d. 
Complete, 7s. 6d. 

Tides and Tidal Currents. New 
Edition, with Tidal Cards, 3s. 



Geometry, Cassell's Course of Practical. By 

Ellis A. Davidson. Consisting of 64 Cards in Packet, em- 
bracing the First and Second Grade Studies. In Packet, 5s. 



Cassell, Petter, Galpin & Co. : London, Paris & New Yobl¥u 
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Gassell's Educational Works-Continued, 

G-erman-English and English- German Fronoun- 

oing Dictionary, CasselL's. With an Appendix con- 
taining the most important changes introduced into German 
Orthography in 1880 by the Prussian Minister of Education. 
Crown Svo, 864 pages. 36th Thousand. Cloth, 3s. 6d. 

Grammar, The Uppingham. By the Rev. Edward 

Thring, Head Master of Uppingham School. 3s. 6d. 

History of England, The Little Folks'. By Isa 

Craig-Knox. With 30 Illustrations. 288 pages, cloth, is. 6d. 

Latin-English and English-Latin Dictionary, 

Casseii's. With brief Illustrative Quotations, Mythological 
Notices, and Short Biographies. Crown 8vo, 890 pages. 
43rd Thousand, Cloth, 3s. 6d. 

Marlborough French Exercises, The. Enlarged and 

Revised, By the Rev. G. W. De Lisle, M.A. Cloth, 3s. 6d. 

Marlborough French Grammar, The. Enlarged 

and Revised. Arranged and Compiled by the Rev. J. F. 
Bright, M.A., Master of the Modern School in Marlborough 
College. 2s. 6d. 

Marlborough German Grammar, The. Revised 

Edition. Compiled and Arranged by Rev. J. F. Bright, 
M.A. Cloth, 3s. 6d. 

Music, An Elementary Manual of. By Henry 

Leslie, Author of the Oratorios " Immanuel " and "Judith,*' 
&c. Seventh Edition, is. 

Phrase and Fable, A Dictionary of. By the Rev. 

Dr. Brewer. Giving the Derivation, Source, or Origin of 
about 20,000 Common Phrases, Allusions, and Words that 
have a Tale to telL Cheap Edition, Revised and Enlarged. 
Cloth, 3s. 6d. ; half-leather, 4s. 6d. 

Shakspere Reading Book, The. Being Seventeen of 

Shakspere's Plays Abridged for the use of Schoolsad Pub lie 
Readings. By H. CoURTHOPE Bo WEN, M.A. Illustrated. 
Crown 8vo, cloth: 3s. 6d. 

Spelling, a Complete Manual of, on the Principles 

of Contrast and Comparison. By J. D. Morell, LL.D., 
H.M. Inspector of Schools. 68th Thousand. Crown Svo, 
128 pages, cloth, is. 

TUOTICE.— A Classified Catalogue, friving^ full particulars of 

-*> ^ Messrs. CasseU, Fetter, Galpin ft Co.'s Publications, ranging 

in price from SIXPENCE TO TWENTY-FIVE GUINEAS, will be sent 
on request post free to any address. It will be found of the greatest 
convenience to those who may be selecting Books for Special Reading, 
Educational Purposes, or Presentation^ as it contains particulars of 
Several Hundred Books so arranged as to show at a glance the various 
IVorks in this Valuable Selection, which can be procured at the prices 
named at all Booksellers* and at the Bookstalls. 

S9* Request for Catalogue should be addressed to 

Messrs. CASSELl*, YTLTI^^, ^k\.?lN & CO., 

Ltid^ate HiU^ Loftuicm. 
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